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(54) Title: INTEGRATED MULTTLAYERED MICROFLUIDIC DEVICES AND METHODS FOR MAKING THE SAME 
(57) Abstract 

A multilayered microfluidic device having a substantially monolithic structure is formed by sintering together a plurality of jneen-sheet 
Uyers. The substantially monolithic structure has an inlet port for receiving fluid, an outlet port for releasing fluid, and an interconnection 
between the inlet port and the outlet port Tbc substantially monolithic structure may also include a vtriety of components to enable 
useful interacuon with the fluid, such as electrically conductive pathways, heaters, fluid sensors, fluid motion transducers, and optically 
transnussive portions. The components are preferably fabricated using thick-film or green-sheet technology and are preferably cS-rired 
with and sintered to the green-sheet layers to become integral with the substantially monolithic structure. By using an adhesive to bind the 
green-sheet layers together, the multilayered microfluidic device may be fabricated without the application of high pressures Selection of 
an adhesive with a polymer thai decomposes at a higher temperature than the binder present in the green-sheet uVerV promotes stability of 
the interfaces during the firing process and promotes void-free sintering within the mterfacial regions 
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INTEGRATED MULTILAYERED MICROFLUIDIC DEVICES AND METHODS FOR 

MAKING THE SAME 



CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of U.S. Application Number 09/235,081, filed 
on January 21, 1999, which, in turn, claims the benefit of U.S. Provisional Application No. 
60/103,701, filed October 9, 1998. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

This invention relates to the field of microfluidic devices. More particularly, this 
invention relates to a multilayered microfluidic device, formed from layers of green-sheet, 
having components that are co-fired with and sintered to the green-sheet layers to provide an 
integrated and monolithic structure and also relates to methods for making such devices. 

2. Description of Related Art 

Microfluidic devices have a wide variety of chemical and biological applications. 
Specifically, microfluidic devices can be used to mix, react, meter, analyze, and detect chemicals 
and biological materials in a fluid state. Many synthetic and analytical techniques that 
conventionally require large, bulky, and complicated apparatus can be miniaturized as 
microfluidic devices. 

Microfluidic devices are most commonly made from silicon, glass, or plastic substrates. 
However, each of these materials has certain disadvantages that limit its utility. Channels and 
various other microfluidic structures may be etched into silicon, but such etching processes* are 
not typically able ic forin the complex three-dimensional structures and embedded structures that 
are often desirable in microfluidic devices. Silicon, as a material, is also not compatible with 
many fluids containing biological materials. Typically, this problem is overcome bv the 
additional step of applying a special coating to the microfluidic channels. Finally, because 

SUBSTITUTE SHEET (RULE 26) 



"O00/216. K US99/23324 

silicon is a semiconductor, certain pumping techniques, such as electMfKWtfS-nanfic pumpmc 
and electroosmotic pumping, are difficult or impossible to achieve. Overa:;. silicon is an 
expensive substrate to work with, making it of only limited use for the large scale production of 
microfluidic devices that typically do not require structures with dimensions less than about 10 
microns. 

Like silicon, channels may also be etched into glass substrates. Although three- 
dimensional and embedded structures can be built up by bonding together successive layers of 
glass, using an anodic bonding process, this bonding process is difficult and very costiv. In 
particular, each layer is added sequentially, i.e., only one at a time. Moreover, the surface of 
each successive layer must be nearly perfectly flat in order to achieve reliable bonding. This 
stringent flatness requirement makes the fabrication of multilayered glass devices difficult and 
expensive and results in low yields. 

Plastic also has a number of disadvantages as a substrate for microfluidic devices. First, 
most types of plastic substrate cannot be used above about 350°C, thereby limiting the extent to 
which plastic microfluidic devices can heat fluids. Second, many piastic materials, like silicon, 
have biocompatibility problems. Accordingly, biocompatibility is typically achieved by the 
additional step of adding special coatings to the fluid passageways. Third, it is believed that, like 
silicon, electroosmotic pumping would be difficult or impossible to achieve in plastic 
microfluidic devices because of the lack of available fixed surface charge. Fourth, the ability to 
fabricate three-dimensional and embedded structures in plastic devices is limited because it is be 
difficult to join more than two plastic layers together. 

It is known to make multilayered structures out of a plurality of green-sheet layers. 
However, conventional green-sheet lamination processes generally require lamination at high 
pressure. Typically, the lamination process occurs in two steps. First, the stacked layers of 
green-sheet are subjected to about 1000 to 1500 psi in a uniaxial press. Next, the layers are 
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subjected to about 3000 to 5000 psi in an isosiatic press for about 10 to 15 minutes at an elevated 

temperature, such as 70° C 

This conventional lamination process has a number of limitations. For example, the 
relatively long period of time required in the isostatic press is undesirable in a large scale 
manufacturing process. Additionally, such high pressures tend to distort the dimensions of 
internal structures present in the layers and can damage certain materials and devices, which may 
be desired to be included in the finished multilayered structure. Control over the dimensions of 
internal structures is also undesirably low when such high pressures are used. The problem is 
particularly acute when structures such as internal or external cavities or channels are desired to 
be formed in the multilayered structure, as such structures tend to close up when such high 
pressures are applied. The problem is more acute the larger the cavity or channel is. 
Accordingly, the formation of all but the very smallest internal cavities and channels, i.e.. those 
with sizes less than about 20 microns, in the multilayered structure is very difficult to do reliably 
when such high pressures are used for lamination. 



SUMMARY OF THE INVENTION 

In a first principal aspect, the present invention provides a multilayered microfluidic 
device comprising a substantially monolithic structure formed from a plurality of green-sheet 
layers sintered together, wherein the green-sheet layers include panicles selected from the group 
consisting of ceramic particles, glass panicles, and glass-ceramic particles. The substantially 
monolithic structure has a fluid passageway defined therein. The fluid passageway has an inlet 
pon for receiving fluid, an outlet pon for releasing a fluid, and an interconnection between the 
inlet pon and the outlet port. The substantially monolithic structure also has an electrically 
conductive pathway defined therein, at least a portion of which is formed by sintering a thick- 
film paste to at least one of the green-sheet layers. 
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In a second principal aspect, the present invention pr 
device comprising a substantially monoiithic structure form* 
layers sintered together, wherein the green-sheet layers includ 
consisting of ceramic panicles, glass panicles, and glass-ce 
monolithic structure has a fluid passageway defined" therein, 
pon for receiving fluid, an outlet pon for releasing a fluid, a 
inlet pon and the outlet port. A fluid sensor for sensin 
passageway is sintered to at least one of the green-sheet la 
substantially monolithic structure. 

In a third pnncipal aspect, the present invention pn 
device comprising a substantially monoiithic structure form 
layers sintered together, wherein the green-sheet layers inclu< 
consisting of ceramic panicles, glass panicles, and glass-ce 
monolithic structure has a fluid passageway defined therein, 
port for receiving fluid, an outlet port for releasing a fluid, ; 
inlet pon and the outlet pon. A fluid motion transducer fc 
fluid motion in a ponion of the fluid passageway is sintered t< 
layers so as to be integral with the substantially monolithic struc 

In a fourth principal aspect, the present invention pi 
device comprising a substantially monolithic structure font 
layers sintered together, wherein the green-sheet layers inclu 
consisting of ceramic panicles, glass panicles, and glass-c< 
monoiithic structure has a fluid passageway defined therein, 
pon for receiving fluid, an outlet pon for releasing a fluid, 
inlet pon and the outlet pon. The substantially monolithic 
transmissive ponion for providing external optical access to . 
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In a fifth principal aspect, the present invention provides a multilayered microf] iridic 
device comprising a substantially monolithic structure formed from a plurality of green-sheet 
layers sintered together, wherein the green-sheet layers include particles selected from the group 
consisting of ceramic particles, glass panicles, and glass-ceramic particles. The substantially 
monolithic structure has a fluid passageway defined therein. The fluid passageway has an inlet 
port for receiving fluid an outlet port for releasing a fluid, an interconnection berween the inlet 
port and the outlet port, and includes a cavity. The substantially monolithic structure also 
includes means for lysing cells in the cavity. 

In a sixth principal aspect, the present invention provides a method for making a 
multilayered microfluidic device. A plurality of green-sheet layers is textured in a first 
predetermined pattern defining a fluid passageway. The green-sheet layers include particles 
selected from the group consisting of ceramic particles, glass particles, and glass-ceramic 
particles. A thick-film paste is applied to the green-sheet layers in a second predetermined 
pattern defining a fluid-interacting component. The green-sheet layers are then sintered together 
at a predetermined temperature for a predetermined amount of time to form a substantially 
monolithic structure. The substantially monolithic structure has the fluid passageway and the 
fluid-interacting component defined therein. 

In a seventh principal aspect, the present invention provides a multilayered microfluidic 
device comprising a substantially monolithic structure formed from a plurality of green-sheet 
layers sintered together, wherein the green-sheet layers include panicles selected from the group 
consisting of ceramic particles, glass panicles, and glass-ceramic panicles. The substantially 
monolithic structure has a fluid passageway defined therein. Disposed within the fluid 
passageway is a hydrophobic region sintered to one of the green-sheet layers. 

In an eighth pnncipal aspect, the present invention provides a method for fabricating a 

multilayered structure from a plurality of green-sheet layers. The plurality of green-sheet layers 

include at least a first layer and a second layer and have a polymer binder. .An adhesive is 
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applied to a first surface of the first layer. The adhesive includes an adhesive polymer different 
from the polymer binder, which adhesive polymer decomposes at a higher temperature than the 
polymer binder. The said plurality of green-sheet layers are stacked to form a multilayered 
green-sheet structure, with the adhesive interposing the first surface of the first layer and a 
second surface of the second layer. The multilayered green-sheet structure is fired for a 
predetermined period of time to achieve a predetermined sintering temperature, thereby forming 
the multilayered structure. 

Because the multilayered microfluidic devices of the present invention are made from a 
plurality of green-sheet layers sintered together, the devices may be provided with a wide variety 
of properties and functionalities useful for chemical and biological applications. The materials 
of the green-sheet layers may be chosen so as to be chemically and biologically compatible with 
the fluids used in the device and may also be chosen to be compatible with the particular range of 
temperature used in the device. 

Additionally, the green-sheet layers in the device need not be all made of the same 
material. In this way, the device may be advantageously provided with different properties, such 
as thermal conductivity, in different locations. As an important example, one of the green-sheet 
layers may include glass panicles, so as to provide an optically transmissive layer allowing 
external optical access to portions of the fluid passageways in the device. 

By allowing each green-sheet layer to be processed individually before being sintered 
together, complicated structures may also be built into the devices of the present invention. For 
example, the fluid passageway in the device may be defined by structures, such as vias and 
channels, which are formed into several green-sheet layers before the layers are sintered 
together. Accordingly, the fabrication out of a plurality of layers allows the fluid passageway to 
have a complicated three-dimensional structure that would otherwise be difficult to achieve. 

Green-sheet technology also allows the provision into the devices of a wide variety of 
functional components, such as heating elements, cooling elements, fluid sensors, and fluid 
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motion transducers. Advantageously, these functional components may be co-fired with and 
sintered 10 the green- sheet layers so as to be integral with the device. Such integral components 
are more efficiently and reliably incorporated into the device, and. thus, facilitate large-scale 
manufacturing of microfluidic devices. 

Thick-film technology is an imponant way of providing such integral components. 
Thick-film pastes may silk-screened onto individual green-sheet layers and then co-fired with 
and sintered to the green-sheet layers to become integral with the device. The thick-films may 
include conductive materials, such as metals, to provide electrically conductive pathways in the 
device. In particular, the use of conductive traces deposited onto the surfaces of green-sheet 
layers in combination with conductor-filled vias in the green-sheet layers allows for the efficient 
fabrication of complicated electrical conduction pathways in the device. Thick-film technology 
also allows other materials, such as thermoelectric, piezoelectric, and high magnetic permeability 
materials to be incorporated into the device. 

By using an adhesive to bind the green-sheet layers together, they car* be laminated at 
low pressures, thereby minimizing deformation and damage to internal structures and allowing 
cavities anc channels to be formed with good dimensional toierances. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation of pan of a multilayered microfiuic;: device, in 
accordance with an embodiment of the present invention. 

FIGS. 1A-1F are partial views o:* the multilayered microfluidic device of FIG. 1. with 
each partial view corresponding to a plan :ew of a distinct layer of the multilayered microfluidic 
device of FIG. :. 

FIG. 2 is a schematic representation of the steps for making a multilayered microfluidic 
device, in accordance with an embodiment of the present invention. 
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smjclure in accordance with ihc rreseni invention. 

FIG 4 ,s a schema,, rerresenianon of a m„„,,ave,ed stmeltire made in accordance wi,„ 

■ iie present invention. 

FIG. 5 ,s a schema,, represents of pan of . raul „ lavered m , croflu , dic ^ ^ 
a nonzonul hea,er. ■„ accordance win, an embodiment of .he present invention. 

FIG 5A is a partial view of ,he mumiayered microftaidic device of FIG 5 
correspond,, ,o a pian v,ew of ,ne bonon, , ay e r of the mullilayered ^ ^ 

FIG. 6 a schematic rer^emation of pan of a muitilavered m,cronuid,c dev.ce havjna 
a co,: ,on„d aro U nd ; ,,,, ,„ accordance ^ an emoodtmen, of ,ne present 

invention. 

FIG. 6A is a perspective v:ew of the venical coil of FIG. 6. 

FIG. - » a schematic repression of pan of a muhilayered microfluidic device having 
' " W ° Uad ^ ' ^ » — *th an embodiment of the present 

VPntlftn 



invention 



FIG. A is a perspective v !tf w of the horizontal coil of FIG. 7. 

FIG. S :s a schematic representation of pan of a muitilavered m.crofluidic device having 
a thennoeiec:nc element, in accordance ,,th an embodiment c: the present invention. 

FIG. 9 :s an exploded scheme representation of pan of a multilayer* m.crofluidic 
device, having two thermoe.ec.c elements, in accordance ^ an embodiment of the present 

invention 



FIG. 9A :s a schematic v.eu ofone of the ,; nermoeiectnc e]emems of ^ . 
FIG. : , ,s a schematic representation of an a.temate conation for a 
element. , accordance ,v„h an err.r^men, of the present invention. 
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FIG. 1 1 is a schematic representation of pan of a multilayered microfluidic device, 

having a thermal isolation pocket, in accordance with the present invention. 

FIG. 12 is a schematic representation of pan of a multilayered microfluidic device, 
having a plurality of thermal vias. in accordance with the present invention. 

FIG. 13 is a schematic representation of pan of a multilayered microfluidic device, 
having a heal exchanger, in accordance with the present invention. 

FIG. 14 is a schematic representation of pan of a multilayered microfluidic device, 
having a heterogeneous catalyst in a reaction chamber. :n accordance with an embodiment of the 
present invention. . 

FIG. 15 is a schematic representation of pan of a multilayered microfluidic device, 
havme means for applying microwave energy for cell lysis, in accordance with an embodiment 
of the present invention. 

FIG. 16 is z schematic representation of pan of a mukiiayered microfluidic device, 
having a capacitive sensor, in accordance with an embodiment of the present invention. 

FIG. 17 is c schematic representation of par. of a multilayered microfluidic device, 
havinc a capaciv.ve sensor, in accordance with an embodiment of the present invention. 

FIG. IS is a schematic representation of pan of a muitihiyerec microfluidic device, 
having a capacitive sensor, in accordance with an embodiment of the present invention. . 

FIG. 19 is a schematic representation of pan of a multilayered microfluidic device, 
having a capacitive sensor, in accordance with an embodiment of the present invention. 

FIG. 20 is a schematic representation of pan of a multilayered microfluidic device, 
having a resistive sensor, in accordance with an embodiment of the presen: invention. 

FIG. 21 is a schematic representation of par. of a multilayered microfluidic device, 
having a resistive sensor, in accordance with an embodiment of the presen; invention. 

FIG. 22 is a schematic representation of par. of a multilayered microfluidic device. 

havins a temperature sensor, in accordance with an embodiment of the present invention. 
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FIG. 22A is a partial view of the multilayered microflui(fir , a6vlce'""o? TIC !7 

corresponding 10 a plan view of a iayer of the multilayered microfiuidic device of FIG 22. 

FIG 2? is a schematic representation of pan of a multilayered microfiuidic device 
having a pH sensor, in accordance with an embodiment of the present invention. 

FIG. 24 is a schematic representation of p"an of a multilayered microfiuidic device, 
having a pH sensor and a cavity for a reference solution, in accordance with an embodiment of 
the present invention. 

FIG. 25 is a schematic representation of pan of a multilayered microfiuidic device, 
having a pH sensor and an interna: reference electrode, in accordance with an embodiment of the 
present invention. 

FIG. 26 is a schematic representation of pan of a multilayered microfiuidic device, 
having an optically transmissive layer, in accordance with an embodiment of the present 
invention. 

FIG. 27 is a schematic representation of pan of a multilayered microfiuidic device, 
having a:-, optically transmissive layer, in accordance w-th an embodiment of the present 
invention . 

FIG. 2S is a schematic representation of pan of : multilayered microfiuidic device, 
having optical vias. in accordance with an embodiment of the present invention. 

FIG. 29 is a schematic representation of pan of a multilayered microfiuidic device, 
having optical vias and an optica::;, transmissive layer, in accordance with an embodiment of the 
present invention. 

FIG. ?0 is a schematic representation of pan of ■ multilayered microfiuidic device, 
having an optical fiber therein. :n accordance with an embodiment of the present invention. 

F!G. 31 is a schematic representation of pan of ; multilayered microfiuidic device, 
having ; horizontal and a vertical optically transmissive pathway, in accordance with an 
embodiment of the present invention. 

i0 
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FIG. 32 is a schematic representation of pan of a multilayered microfluidic device, 
having an electroosmotic pumping system, in accordance with an embodiment of the present 

invention. 

FIG. 33 :s u schematic representation of pan of a multilayered microfluidic device, 
having an electrohydrodynamic pumping system, in accordance with an embodiment of the 
present invention. 

FIG. 34 is a schematic representation of pan a multilayered microfluidic device, having a 
piezoelectnc pumping system, in accordance with an embodiment of the present invention. 

FIG. 35 is a schematic representation of pan of a multilayered microfluidic device, 
navmg a piezoelectnc pumping system, in accordance with an embodiment of the present 
invention. 

FIG. 36 -.5 a schematic representation of pan of a multilayered microfluidic device, 
having integrated electromagnets, in accordance with an embodiment of the present invention. 

FIG. 3" is a schematic representation of pan of a muitilayefed microfluidic device, 
having integrated electromagnets, in accordance with an embodiment of the present invention. 

FIG. ?S :s a cross-secuonai schematic representation of pan of a multilayered 
microfluidic dev;;e. having integrated electromagnets that control a magnetic stirring bar. in 
accordance with an embodiment of the present invention. 

FIG. 39 is a top view schematic representation of pan of a multilayered microfluidic 
device, having integrated electromagnets that control a magnetic stirring bar. in accordance with 
an embodiment cf ;he present invention. 

FIG. 40 ;s a top view schematic representation of a layer of a multilayered microfluidic 
device, having a capillary break, in accordance w::h an embodiment of the present invention. 

FIG. 4] ;s a schematic representation of pan of a multilayered microfluidic device, 
havir.s a hvcrrr'robic region in a fluid passageway, in accordance with an embodiment of the 
present invention 
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FIG. 42 is a schematic representation of pan of a multilayered microfluidic device, 
having a pair of hydrophobic regions in a fluid passageway, in accordance with an embodiment 
of the present invention. 

FIG. 43 is a schematic representation of part of a multilayered microfluidic device, 
having a hydrophobic region in a vertical fluid passageway, in accordance with an embodiment 
of the present invention. 

FIG. 44 is a schematic representation of the steps for making the hydrophobic region in 
the vertical fluid passageway of FIG. 43, in accordance with an embodiment of the present 
invention. 



DETAILED DESCRIPTION OF THE INVENTION 

A multilayered microfluidic device in accordance with the present invention is made 
from layers of green-sheet that have been iaminated and sintered together to form a substantially 
monolithic structure. Green-shee: is a composite material that includes inorganic panicles of 
glass, glass-ceramic, ceramic, or mixtures thereof, dispersed in a polymer binder, and may also 
include additives such as piasticizers and dispersants. The green-shee: is preferably in the form 
of sheets that are 50 to 250 microns thick. The ceramic panicles are typically metal oxides, such 
as aluminum oxide or zirconium oxide. An example of such a green-sheet that includes glass- 
ceramic panicles is "AX951" tha: is sold by E.I. Du Pont de Nemours and Company. An 
example of a green-sheet that includes aluminum oxide panicles is "Ferro Alumina" that is sold 
by Ferro Corp. The composition of the green-sheet may also be custom formulated to meet 
panicular applications. 

The green-shee: layers are iaminated together and then fired :o form a substantially 
monolithic multilayered structure. The manufacturing, processing, and applications of ceramic 
green-sheets are describee eenera*::> in Richard E. Mistier, "Tape Casting: The Basic Process for 
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Meeting ihc Needs of the Electronics Industry," Ceramic Bulletin, vol. 69. no. 6, pp. 1022-26 

( 1990), and in U.S Patent No. -3.991. 02°. which are incorporated herein by reference. 

Shown in Figure 1 is a cross-sectional view of a representative multilayered micro fluidic 
device 10. Multilayered microfluidic device 10 is made from green-sheet layers 12-22 that have 
been laminated and sintered together to form a substantially monolithic structure. Device 10 
includes a cavity 24 that is connected to a first channel 26 and to a second channel 2S. First 
channel 26 is also connected to a first via 30 which, in turn, is connected to a second via 32 that 
defines a first fluid port 34. Second channel 2S is connected to a third via 36 that defines a 
second fluid port 35. In this way. cavity 24 is in fluid communication with fluid pons 34 and 38. 
More particularly, vias 32 and 30. first channel 2o. cavity 24. second channel 2S. and via 36 
together define a fiu;d passageway interconnecting fluid pons 3- and 38. In this configuration, 
ports 34 and 38 could be used as fluid input or output pons to add reactants and to remove 
products, with cavity 24 providing a place for reactions. 

Figures 1A-IF are plan views of each one of layers 12-22. individually, to show what 
ponions would be formed into each one the layers 12-22 before lamination to provide the 
aforementioned nuic passageway. As shown in Figure 1A. iaye: .2 has via 32 and via 56. As 
shown :n Figure IB. iayer 14 has via 30 and has a ponion of caviry 24 connected :o channel 28. 
As shown in Figure 1C. layer 16 has a ponion of cavity 24 connected to channel 26. As shown 
in Figure ID has a ponion of cavity 24. Layers 20 and 22. shown in Figures IE and IF. 
respectively, have no such structures. 

The method of fabricating the multilayered microfiuidic devices of the present invention 
begins wi;h providing sheets of green-sheet that are preferably 50 to 250 microns thick. The 
sheets of green-sheet are cut to the desired size, typically 6 inches by 6 inches for conventional 
processing. Each green-sheet layer may then be texrured using various techniques to form 
desired structures, such as vias. channels, or cavities, in the finished multilayered structure. 
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As used herein, ihe term "via" refers to a hole formed in a green-sheet layer. Typical vias 
have diameters ranging from 100 to 500 microns. Vias may also be filled in subsequent steps 
wuh other materials, such as thick-film pastes. 

As used herein, the term "channel"" refers to an open region within a multilayered 
structure that has its length greater than its diameter. Typical channels have diameters ranging 
from under 100 microns to 500 microns. In the microfluidic devices of the present invention, 
channels are typically used to transfer fluid materials. "Channels" may also be referred to as 
"capillaries" or "conduits." 

As used herein, the term "cavity" refers to a hole or open area in the microfluidic device. 
Cavities are typically used to contain, mix. react, or transfer fluid materials. Typically, cavities 
are connected to a channel or a via to prov ide input or output of material, and. in such cases, the 
cavity has dimensions greater than that of the channei or via. "Cavities" may also be referred to 
as "wells." 

Various techniques may be used to texture a green-sheet layer. For example, portions of 
a green-sheet layer ma> be punched out to fonri vias or channels. This operation may be 
accomplished using conventional multilayer ceramic punches, such as the Pacific Tnnetics Corp. 
Model APS-ST18 Automated Punch System, instead of punching out pan of the materia!, 
features, such as channels and wells may be embossed into the surface of the green-sheet by 
pressing the green-sheet against an embossing piate that has a negative image of the desired 
structure. Texturing may also be accomplished by laser tooling with a laser via system, such as 
the Pacific Trinetics LYS-3012. 

Next, a wide variety of materials may be applied, preferably in the form of thick-film 

pastes, to each textured green-sheet iayer. For example, electrically conductive pathways may be 

provided by depositing metal-containing thick-film pastes onto the green-sheet layers. Thick- 

f:im pastes typically include the desired material which may be either a metal or a dielectric, ir. 

:ne form of a powder dispersed ir. an organic vehicie. and the pastes are designed to have the 

u 
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viscosity appropnate for the desired deposition technique, such as screen-pnnrine. The organic 
vehicle may include resins, solvents, surfactants, and flow-control agents. The thick-film paste 
may also include a small amount of a flux, such as a glass frit, to facilitate sintering. Thick-film 
technology is further described in J.D. Provance. "Performance Review of. Thick Film 
Materials." Insulation/Circuus (April, 1977) and in Monon L. Topfer. Thick Film 
Microelectronics. Fabrication. Design, and Applications (1977), pp. 41-59. which are 
incorporated herein by reference. 

The porosity of the resulting thick-film can be adjusted by adjusting the amount of 
organic vehicle present in the thick-film paste. Specifically, the porosity of the thick-film can be 
increased by increased the percentage of organic vehicle in the thick-film paste. Similarly, the 
porosity of a green-sheet layer can be increased by increasing the proportion of organic binder. 
Another way of increasing porosity in thick-fiims and green-sheet layers is to disperse within the 
organic vehicie. or the organic binder, another organic phase that is not soluble :r. the organic 
vehicle. Polymer microspheres can be used advantageously for this purpose. 

To add electrically conductive pathways, the thick film pastes typically include metal 
panicles, such as siiyer. piatinum. palladium, gold, copper, tungsten, nickel. ::r.. or allovs 
thereof. Silver pastes are preferred. Examples of suitabie silver pastes are silver conductor 
composition numbers "025 and 771? sold by E.I. Du Pont de Nemours and Company. 

The thick-film pastes are preferably applied to a green-sheet layer by screen-printing. In 
the screen-printing process, the thick-film paste is forced through a patterned silk screen so as to 
be deposited onto the green-sheet layer in a corresponding pattern. Typicaiiy. ihe silk screen 
pattern is created photographically by exposure to a mask. 

In this way. conductive traces may be appiied to a surface of a greer.-sheet laver. 
Additionally, vias present in the green-sheet layer may be filled with the conductive thick-film 
paste to provide electrical connections between layers. 
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In certain applications it aiso desirable to add class coatings to fhWjffifes ofgreen-sheet 
layers. For example, giass coatings provide smooth walis in fiuic passageways, thereby 
providing better fluid flow and reducing contamination problems. Giass coatings can also serve 
as bamer> between the fluid and green-sheet materials that ma\ oe reactive or otherwise 
incompatible with the fluid. 

One way of adding a giass coating is by screen-pnnttng a thick-fiim paste containing 
glass panicles onto the surface of a green-sheet layer. After lamination, the thick-film paste is 
then co- fired with the green-sheet layers to form a smooth glass coating sintered to the surface of 
the green-sheet layer. 

Another way to achieve a glass coating is by using a giass-cerarr.:; green-sheet layer and 
sintering 1: more aggressively than is typical, i.e.. by using a faster temperature increase durine 
the sintering step, a higher final sintering temperature, and a ionger sintering time. In particular, 
the viscosity of the glass phase crops quickly when the temperature ;s increased above the glass 
softening point. Consequently, aggressive sintering will tend to dnve the giass phase from the 
interior of the green-sheet layer t: its surface, before appreciable crystallization with the ceramic 
phase. In this way. a glass coating is formed on the surface of the ^reer.-sneet layer. Suitable 
glass-ceramic systems include the T2000 dieiectric tape sold by Motorola. Inc. and the glass- 
ceramic compositions disclosed in U.S. Patent No. 5.821.181. which is incorporated .herein by 
reference. 

For example, the standard sintering parameters for the Motorola T2000 dielectric tape 
call for ramping the temperature at a rate of about 5 3 C per minute to reach a final sintering 
temperature of about S75°C. which is then maintained for about ?0 minutes. However, to 
achieve 2 giass coating, the temperature may instead be ramped at a rate of about ~ C C Der 
minute, or. alternatively, the fina; sintering temperature may be increased to about 925°C. 

Of course, another way ;f achieving smooth giass walis for f.ui: passageways :s to use 
giass green-shce; layers. 
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Many other materials may also be added to each green-sheet layer to provide desired 
functionalities. For example, optical materials may be added to provide opneal w, nd ows. 
Piezoelectric materials may also be added to provide piezoelectric members. Thermoelectric 
matenals maybe added ,o prov.cie thermoelectric elements. High magnetic permeability 
materials, such as femtes. may be added, to provide cores for strong electromagnets. Green- 
.0 sheet materials have a great deal of flexibility to accommodate the addition of dissimilar 
materials. To ensure that the materials are placed reliably in the finished device, it « preferable 
that the materials added to the green-sheet layers are able to be co-f,red with the green-sheet 
material as described below. 

After ,he des.red structures are formed in each layer of green-sheet, preferably a layer of 
15 adhestve ,s applied to either surface of the green-sheet. Preferably, the adhesive ,s a room- 
temperature adhesive. Such room-temperarure adhesives have giass transition temperatures 
below room temperature. ,c. below about 20' C. so that they can bind substrates together at 
' room temperature. Moreover, rather than undergoing a chemical change or chemically reacting 
with or dissolving components of the substrates, such room-temperature adhes.ves bind 
:o substrates together by penetrating ,nto the surfaces of the substrates. Sometimes such room- 
temperature adhes,ves are referred to as -pressure-sensitive adhesives." Suitable room- 
temperature adhesives are typ.ca.lv supplied M waier . based emuisions and ^ ^ ^ ^ 

Rohm and Haas, Inc. and from Air Products, Inc. For example, a matena. sold by Air Products. 

Inc. as "Flexcryl 1653" has been found to work well. 
=5 The room-temperarure adhesive may be applied to the green-sheet by conventional 

coaung techniques. To facilitate coating, n ,s often desirable to dilute the supplied pressure- 
• sensitive adhesive ,n water, depending on the coating technique used and on the viscosny anc 

solids loading of the starting material. After coating, the room-temperature adhesive is allowed 

to dry. The dried thickness of the film of room-temperature adhesive ,s preferably :n the range 
- of i to 10 micron , and :he thlck;iess shoul<j be aaifonn Qver : . e enure sur . ace o _ ^ • 
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5 sheet. Film thicknesses that exceed 15 microns are undesirable. With such thick films of 
adhesive voiding or delamination can occur during firing, due to the large quantity of organic 
material that must be removed. Films that are less than about 0.5 microns thick when dried are 
too thin because they provide insufficient adhesion between the layers. 

From among conventional coating techniques? spin-coating and spraying are the preferred 

i() methods. If spin-coating is used, it is preferable to add 1 gram of deionized water for every 10 
grams of "Flexcryl 1653." If spraying is used, a higher dilution level is preferred to facilitate 
ease of spraying. Additionally, when room-temperature adhesive is sprayed on, it is preferable 
to hold the green-sheet at an elevated temperature, e.g., about 60 to 70° C, so that the material 
dries nearly instantaneously as it is deposited onto the green-sheet. The instantaneous dry ins 

15 results in a more uniform and homogeneous film of adhesive. 

After the room-temperature adhesive has been applied to the green-shee: layers, the 
layers are stacked together to form a multilayered green-sheet structure. Preferably, the layers 
are stacked in an alignment die. so as to maintain the desired registration between the structures 
of each layer. When an alignment die is used, alignment holes must be added to each green - 

20 sheet layer. 

Typically, the stacking process aione is sufficient to bind the green-shee: layers together 
when a room-temperature adhesive is used. In other words, little or no pressure is required xo 
bind the layers together. However in order to effect a more secure binding of the iayers. the 
layers are preferably laminated together after they are stacked. 

-5 The lamination process involves the application of pressure to the stacked layers. For 

example, in the conventional lamination process, i uniaxial pressure of about 1000 to ;500 psi ; = 
applied to the stacked green-sheet layers that is then followed by an application of it. isosta;:; 
pressure of about 3000 to 5000 psi for about 10 tc 15 minutes at an elevated temoerature. such a= 
70° C. Adhesives do not need to be applied tc bind the green-sheet layers ".cgether when the 

30 conventional lamination process is used. 
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5 However, pressures less than 2500 psi are preferable in order to achieve good control 

over the dimensions of such structures as intemai or external cavities and channels. Even lower 
pressures are more desirable to allow the formation of larger structures, such as cavities and 
channels- For example, if a lamination pressure of 2500 psi is used, the size of well-formed 
internal cavities and channels is typically limited" to no larger than roughly 20 microns. 
10 Accordingly, pressures less than 1000 psi are more preferred, as such pressures generally enable 
structures having sizes greater than about 100 microns to be formed with some measure of 
dimensional control. Pressures of less than 300 psi are even more preferred, as such pressures 
typically allow structures with sizes greater than 250 microns to be formed with some degree of 
dimensional control. Pressures iess than 100 psi, which are referred to herein as "near- zero 
1 5 pressures." are most preferred, because at such pressures few limits exist on the size of internal 
and external cavities and channels that can be formed in the multilayered structure. 

The pressure is preferably applied in the lamination process by means of a uniaxial press. 
Alternatively, pressures less than about 100 psi may be applied by hand. 

As with semiconductor device fabrication, many devices may be present on each sheet. 
20 Accordingly, after lamination the multilayered structure may be diced using conventional green- 
sheet dicing or sawing apparatus to separate the individual devices. The high level of peel and 
shear resistance provided by the room-temperature adhesive results in the occurrence, of very 
little edge delami nation during the dicing process. If some layers become separated around the 
edges after dicing, the layers may be easily re-laminated by applying pressure to the affected 
25 edges by hand, without adversely affecting the rest of the device. 

The final processing step is firing to convert the laminated multilayered green-sheet 
structure from its "green" state to form the finished, substantially monolithic, multilayered 
structure. The firing process occurs in two important stages as the temperature is raised. The 
first important stage is the binder burnout stage that occurs in the temperature range of about 250 
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to 500° C. during which the other organic materials, such as the binder in the green-sheet layers 
and the organic components in any applied thick-film pastes, are removed from the structure. 

In the next important stage, the sintering stage, which occurs at a higher temperature, the 
inorganic particles sinter together so that the multilayered structure is densified and becomes 
substantially monolithic. The sintering temperature used depends on the nature of the inorganic 
i'j panicles present in the green-sheet. For many types of ceramics, appropriate sintering 
temperatures range from about 950 to about 1600° C, depending on the material. For example, 
for green-sheet containing aluminum oxide, sintering temperatures between 1400 and 1600° C 
are typical. Other ceramic materials, such as silicon nitride, aluminum nitride, and silicon 
carbide, require higher sintering temperatures, namely 1700 to 2200° C. For green-sheet with 
15 glass-ceramic panicles, a sintering temperature in the range of 750 to 950° C is typical. Glass 
panicles generally require sintering temperatures in the range of only about 350 to 700° C. 
Finally, metal panicles may require sintering temperatures anywhere from 550 to 1700° C, 
depending on the metal. 

Typically, the devices are fired for a period of about 4 hours to about 12 hours or more, 
20 depending on the material used. Generally, the firing should be of a sufficient duration so as to 
remove the organic materials from the structure and to completely sinter the inorganic particles. 
In particular, polymers are present as a binder in the green-sheet and in the room-temperature 
adhesive. The firing should be of sufficient temperature and duration to decompose these 
polymers and to allow for their removal from the multilayered structure. 
25 Typically, the multilayered structure undergoes a reduction in volume during the firing 

process. During the binder burnout phase, a small volume reduction of about 0.5 to 1.5% is 
normally observed. At higher temperatures, during the sintering stage, a further volume 
reduction of about 14 to 17% is typically observed. 

As noted above, preferably any dissimilar materials added to the green-sheet layers are 

30 co-nred with them. Such dissimilar materials could be added as thick-film pastes or as other 
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green-sheet layers. The benefit of co-firing is that the added materials are sintSrfiTt'd Ufe green- 
sheet layers and become integral to the substantially monolithic microfluidic device. However, 
to be co-fireable, the added materials should have sintering temperatures and volume changes 
due to firing that are matched with those of the green-sheet layers. Sintering temperatures are 
largely material-dependent, so that matching sintering temperatures simply requires proper 
selection of materials. For example, although silver is the preferred metal for providing 
electrically conductive pathways, if the green-sheet layers contain alumina particles, which 
require a sintering temperature in the range of 1400 to 1600° C, some other metal, such as 
platinum, must be used due to the relatively low melting point of silver (961° C). 

The volume change due to firing, on the other hand, can be controlled. In particular, to 
match volume changes in two materials, such as green-sheet and thick-film paste, one should 
match: ( 1 ) the particle sizes; and (2) the percentage of organic components, such as binders, 
which are removed during the firing process. Additionally, volume changes need not be 
matched exactly, but any mismatch will typically result in internal stresses in the device. But 
symmetrical processing, placing the identical material or structure on opposite sides of the 
device can. to some extent, compensate for shrinkage mismatched materials. 

Too great a mismatch in either sintering temperatures or volume changes may result in 
defects in or failure of some or all of the device. For example, the device may separate into its 
individual layers, or it may become warped or distorted. 

Figure 2 summarizes the aforementioned steps, schematically illustrating cross-sections 
of typical layers that would be used to form a multilayered microfluidic device in accordance 
with the present invention. A first green-sheet layer 50 is provided with a size appropriate for 
further processing. A room-temperature adhesive layer 52 is applied to one surface of green- 
sheet 50. First green-sheet layer 50 is then stacked with a second green-sheet layer 54, which 
has already been patterned with an internal channel 56 and an internal cavity 88. These layers 

are then stacked with two more green-sheet layers 60 and 62. with associated layers of room- 
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5 temperature adhesive 64 and 66, to form the complete multilayered green-sheet structure 68. 
Multilayered green-sheet smicture 68 is then laminated, as described above, and fired to form the 
final substantially monolithic structure 70. 

The use of near-zero pressures, i.e., pressures less than 100 psi, for lamination is 
preferred because it allows the integrity of internal structures to be maintained, enabling internal 
10 channel 56 and internal cavity 58 formed in green-sheet layer 54 remain as an internal channel 
72 and an internal cavity 74, respectively, in the final substantially monolithic structure 70. 
However, other lamination processes, including conventional high-pressure lamination process, 
could also be used, albeit with less control over the dimensions of internal structures. 

The size of the final substantially monolithic structure 70 is shown smaller in Figure 2 
15 than the size of multilayered green-sheet structure 68 to reflect the volume reduction that occurs 
during firing. 

In accordance with the present invention, not every layer of the final multilayered 
structure needs to be laminated at near-zero pressure. For example, layers that do not contain 
structures or materials that would be damaged or deformed by high pressures may be laminated 

20 conventionally, and this resulting structure may then be laminated to other green-sheet layers 
using the near- zero pressure lamination technique. 

An example of such a process is shown schematically in Figure 3. A structure 80, 
formed using a conventional lamination process, a structure 81, formed using the near-zero 
pressure lamination process, and a structure 82, formed using a conventional lamination process, 

25 are all to be laminated together. Structure 80 comprises layers 83, 84, and 85, wherein layer 85 
includes a via 86. Structure 80 may be formed from any conventional lamination process that 
allows external vias to be preserved. Structure 81 comprises layers 87 and 88 and was formed 
using the near-zero pressure lamination method of the present invention. Layer 87, in turn, 
includes vias 89, 90, and 91. and a channel 92. Structure 82 comprises layers 93-96 and was 

:*0 formed using a conventional high-pressure lamination process. To form a multilayered structure 
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97, structures 80, 81. and 82. arc then laminated together using the near-zero pressure lamination 
process of the present invention, i.e., by applying a layer (not shown) of room-temperature 
adhesive to bind structures 80 and 81 and another layer (not shown) of room-temperature 
adhesive to bind structure 81 to structure 82. 

It has been found that proper selection of the polymer in the adhesive facilitates the 
desired near-zero pressure lamination process. In particular, if the polymer used in the adhesive 
decomposes at a higher temperature than the polymer binder present in the green-sheet layers, 
then the adhesive layer will promote stability of the interfaces during the firing process and will 
promote shorter interfacial distances between the inorganic particles of the green-sheet layers 
after completion of binder bumout. The reduced inter-panicle distances facilitate void- free 
sintering within the tape interfacial regions of the multilayered structure. 

Preferably, the polymer in the adhesive should have a thermal decomposition onset and 
major decomposition profile about 25 to 100° C higher than that of the polymer binder in the 
green-sheet layers. This may be achieved by using an adhesive polymer that is different than the 
polymer binder. More particularly, it has been found that one way to achieve the desired 
difference in thermal decomposition profile is to choose an adhesive polymer that undergoes 
thermal decomposition by random scission, rather than by unzipping. The unzipping process, 
which is also referred to as "chain depolymerization" or "depropagation " is the successive 
release of monomer units from a chain end or weak link. The random scission process, which is 
also referred to as "random degradation," occurs by chain rupture at random points along the 
chain. 

Polymers that undergo random scission generally have a thermal decomposition profile 
that is extended relative to that of polymers that decompose by unzipping. Often, the 
temperature of half decomposition, i.e., the temperature at which the weight loss during pyrolysis 
at a constant rate of temperature rise reaches 50% of its final value, and the temperature of 
maximum rate of decomposition are both about 25 to 100° C higher for polymers that undergo 
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random scission, as compared to polymers that undergo unzipping. Moreover, the polymer 

binder of many kinds of green-sheet is predominantly an acryiic polymer, an acrylic copolymer, 
or a blend of acrylic polymers and copolymers, all of which decompose by unzippine. 
Accordingly, choosing an adhesive with a random scission polymer will tend to greatly 
strengthen the interfacial bond during the firing process. Such random scission polymers include 
polymers and copolymers that have an ethylene main-chain group, such as vinyl acetate-ethylene 
or ethylene-vinyl acrylic copolymer. 

Figure 4 compares the thermal decomposition of an ethylene-vinyl acrylic copolymer 
(designated "PSA vinyl-acrylic copolymer"), which undergoes random scission, with an acrylic 
binder used in green-sheet (designated "B60a acrylic binder"), which undergoes unzipping, as 
measured thermogravimetrically (the curves designated "TGA") and by differential scanning 
calonmetry (the curves designated "DSC"). As is apparent from Figure 4, in the temperature 
range from about 350 to 400° C the acryiic binder undergoes rapid decomposition and removal, 
whereas the room-temperature adhesive polymer decomposes much more gradually. In fact, in 
this example at 375° C less than 10% of the acrylic binder remains, whereas more than 60% of 
the adhesive polymer remains. Accordingly, in this temperature range the room-temperature 
adhesive will maintain a strong bond between the layers while the binder within the green-sheet 
layers is burned off. 

Useful multilayered microfluidic devices would normally include, in addition to a fluid 
passageway, components that enable interaction with the fluid. Such components fall into three 
broad classes: (1) components that facilitate physical, chemical, or biological changes to the 
fluid; (2) components that allow the sensing of various characteristics of the fluid; and (3) 
components that control the motion of the fluid. 

Each of these component classes will be discussed in turn, including how they may be 
realized in a multilayered microfluidic device formed from green-sheet layers. With each type of 
component, it is preferable that it be fabricated as part of the aforementioned processing steps in 
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< order to facilitate efficient and cost-effective mass-production. It is also preferred that such 
components be co- fired with and sintered to the green-sheet layers so as to form a part of the 
substantially monolithic structure of the finished device. 

Components that cause physical or chemical changes to the fluid include components that 
chanee the temperature of the fluid and components that catalyze chemical reactions in the fluid. 
>o The simplest component for changing the temperature of the fluid is a heater. 

Shown in Figure 5 is a multilayered microfluidic device 100 in accordance with the 
present invention that includes a planar heater 102. Multilayered microfluidic device 100 is 
made up of layers 104-114. A cavity 116 is formed in layer 132. Cavity 116 is in fluid 
communication with the outside by means of vias 118. 120, and 122. which are formed in layers 
15 104. 106. and 108. respectively. Cavity 1 16 is also in fluid communication with the outside by 
means of vias 124, 126, and 128, formed in layers 104, 106, and 108, respectively. As shown in 
cross-sectional view in Figure 5, and in plan view in Figure 5A, a heater 102 is formed by a 
serpentine trace of conductive material deposited on the surface of layer 1 14 and has terminals 
130 and 132. Vias 134-142 are formed into layers 104-112, respectively, and are filled with a 
20 conductive material to provide an electrical conduction pathway between terminal 130 and the 
exterior of device 100. Similarly, vias 144-152 are formed into layers 104-1 12, respectively, and 
are filled with a conductive material to provide an electrical conduction pathway between 
terminal 132 and the exterior of device 100. External components (not shown) can make 
electrical contact with vias 134 and 144. In this configuration, an electrical current may be 
25 applied to heater 102 so that it maybe used to heat fluid in cavity 116. Although heater 102 is 
preferably separated from cavity 116 by layer 112, as shown in Figure 5. heater 102 could also 
be placed on the upper surface of layer 1 12 so as to be in direct contact with the fluid in cavity 
116. 

A heater incorporated into a multilayered microfluidic device may also be in the form of 
30 a coil, in either a vertical or horizontal orientation. Shown in Figure 6 is part of a multilayered 
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microfluidic device 200 that has a vertical coil 202 wound around a cavity 204. Device 200 is 
made up of layers 206-216. With reference to Figure 6, and to Figure 6 A. which shows a 
perspective view of coil 202 in isolation, coil 202 comprises six horizontal windings 218-228, 
which are traces of conductive material deposited on layers 206-216. respectively, that are joined 
together by five conductor-filled vtas 230-238 in layers 208-216, respectively. 

Shown in Figure 7 is part of a multilayered microfluidic device 250 that has a horizontal 
coil 252 wound around a channel 254. Device 250 is made up of layers 256-264. With reference 
to Figure7. and to Figure 7 A, which shows a perspective view of coil 252 in isolation, coil 252 
includes six vertical elements 268-278, each of which comprises stacked conductor-filled vias 
formed in layers 258-262. Vertical elements 268-278 are interconnected by three lower 
horizontal elements 280-28* and three upper horizontal elements 286-290, arranged in an 
angular offset from lower elements 266-270. Lower elements 280-284 are traces of conductive 
material deposited on layer 256, and upper elements 286-290 are traces of conductive material 
deposited on layer 262. Electrical current is directed to coil 252 by means of a lead 292, 
connected to vertical element 268, and a lead 294, connected to horizontal eiement 290. Leads 
292 and 294 are traces of conductive material deposited on layer 262. 

Whether the heater is planar, as heater 102, in the form of a coil, as in coil 202 and 252, 
for the element to operate efficient as a heater, it should have a much higher resistance than that 
.of the electrical conduction pathway that leads to it. The conductors that make up the heater are 
preferably about 5 mils to 8 mils to in diameter, while the conductors that lead to the heater are 
preferably about 20 to 30 mils wide. 

More flexible control of fluid temperature is achieved by using additional components. 
For example, shown in Figure 8 is a part of a multilayered microfluidic devic: 300 in accordance 
with the present invention that includes a vertical heater coil 302 wound about a cavity 304, as 
well as a thermoelectric cooling element 306. Thermoelectric cooling element 306 includes a 
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thermoelectnc element 308. sintered into one of the layers near cavity 304, and a pair of leads 

3 1 0 and 3 12. made up of conductive traces deposited on the layers and conductor-filled vias. 

The provision of both heater 302 and cooling element 306 allows for much better control 
over the temperature of the fluid in cavity 304. For example, the ability to both heat and cool the 
fluid in cavity 304 ailows different processing steps requiring different temperatures to take 
place in cavity 304. In particular, thermoelectric cooling element 306 can be used to cool cavity 
304 more rapidly after heater 302 is turned off. As another example, heater 302 and cooling 
element 306 can be used together, along with a temperature measurement device (not shown), so 
as 10 dynamically maintain the temperature of cavity 304 at a fixed level. 

Figure 9 shows the structure of a preferred thermoelectric element in more detail. A 
multilayered microfiuicic device 320 is made up of green-sheet layers 322-340. A pair of 
cavities 342 and 344 are formed in layer 324. A pair of thermal dispersers 346 and 348 are made 
of silver screen-printed onto the upper surface of layer 326, so as to form the bottom surface of 
cavities 324 and 344. Similarly, a pair of thermal dispersers 350 and- 352 are made of screen- 
pnnted silver on layer 338. A pair of thermoelectric elements 354 and 356 made up of a series of 
interconnected vias that are formed into layers 328-336 and filled with thermoelectric material. 
When current is applied to them, thermoelectric elements 354 and 356 transfer heat from thermal 
dispersers 350 and 352 to thermal dispersers 346 and 348, thereby cooling cavities 342 and 344. 

The thermoelectric material is preferably SiosGeoj that has been doped, either with 
phosphorus to be n-type or with boron to be p-type. This material may be co-fired with the 
green-sheet layers at.850 e C in a reducing atmosphere. 

Figure 9A shows how the vias are preferably interconnected in thermoelectric element 
356. Four sets of stacked vias 358-364 are filled with n-type thermoelectric matenai. and 
another four sets of stacked vias 366-372 are filled with p-type thermoelectric material. The n- 
type vias 358-363 and p-type vias are interconnected in series by conductive traces screen- 
printed on layers 328 and 336. as shown in Figure 9A. 
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A thermoelectric element 380 can also be fabricated in a planar configuration, as shown 
in Figure 10. in this configuration, n-type thermoelectric material is screen-pnnted onto a green- 
sheet layer to define four n-type traces 381-384. and p-type thermoelectric material is screen- 
printed onto the green-sheet layer to define four traces 385-388. N-type traces 381-384 and p- 
type traces 385-388 extend from a heat source 389 to a heat sink 390. N-type traces 381-384 and 
io p-type traces 385-388 are connected in series, as shown in Figure 10. so that when a voltage 
from a voltage source 391 is applied, thermoelectric element 380 transfers heat from heat source 
389 to heat sink 390. 

Although thermoelectric elements are typically used for cooling, they can also be used 
for heating by reversing polarity. For example, thermoelectric element 308 and heater coil 302 

i : can be used together to heat cavity 304. This will often result in more uniform heating. 

Figure 1 1, which shows pan of a multilayered microfluidic device 400 in accordance with 
the present invention, illustrates the important concept of thermal isolation. In particular, 
different processes occurring simultaneously or near-simultaneously in different parts of the 
device may require different temperatures. Accordingly, it is often desirable to provide thermal 

20 isolation between different parts of the device so that different temperatures can be maintained. 
In device 400. a vertical heater coil 402 is wound around a cavity 404. and an internal cavity 406 
is formed in a layer below cavity 404. Cavity 406, which preferably lacks any inlet of outlet, is 
kept empty to provide thermal isolation because of its low thermal conductivity compared to the 
rest of the device. In addition to empty cavities, thermal isolation can be provided by adding 

25 layers of low thermal conductivity or by adding low thermal conductivity materials to the green- 
sheet layers. 

Figure 12. which shows a pan of a multilayered microfluidic device 410 in accordance 

with the present invention, illustrates yet another approach to temperature control. Device 410 

includes a venical heater coil 412 would around a cavity 414 and a series of thermal vias 416 

.•0 formed in the layers below cavity 414. Thermal vias 416 preferably comprise stacked vias that 
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are filled with a high thermal conductivity materiaL such as the pastes used for providing 

conductive traces, that have been sintered to the green-sheet iayers. Thermal vias 416 act as heat 
sinks, facilitating heat exchange with the fluid in cavity 414. Thermal vias 416 may extend to 
ihe outer surface of device 410 to be thermally coupled with external heating or coohnc 
elements, such as electrical heaters, thermoelectric cooling elements, cooling fins, or heat 
exchangers. Thermal vias 416 may also provide a thermal pathway to internal components, such 
as electrical heaters and thermoelectric cooling elements. 

Shown in Figure 13 is a part of a multilayered microfluidic device 420, in accordance 
with the present invention. Device 420 includes a vertical heater coil 422 wrapped around a 
cavity 424 and a heat exchanger 426. Heat exchanger 426 comprises a fluid passageway, such as 
a series of channels and vias, in which a fluid flow is directed. At least a portion of heat 
exchanger 426 is adjacent to cavity 424 for good thermal contact. Thermal vias (not shown in 
Figure 13) may be added between heat exchanger 426 and cavity 424 for improved heat 
exchange. In this way. the flow of fluid through heat exchanger 426 can serve to either add or 
remove heat from the fluid in cavity 424. thereby raising or lowering the temperature of the fluid. 

Causing chemical changes in the fluid is also important in many multilayered 
microfluidic devices. In many cases, a plurality of fluid passageways in the device will direct a 
plurality of fluids together for chemical reaction. Alternatively, fluids may be added sequentially 
to a cavity serving as a reaction chamber. 

Many chemical reactions can also be facilitated by heterogeneous catalysts. Such 
heterogeneous catalysts are most commonly metals, such as platinum, palladium, and rhodium. 
Catalysts may be added to multilayered microfluidic devices by means of thick-filled 
technology, in this approach, a thick-film paste containing particles of the metal (the inorganic 
phase) dispersed in a binder is applied to a surface of a green-sheet, before lamination, a: a 
location that corresponds to a cavity or channel in the finished device. During the firing step, the 
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fugitive maienals are expelled from the thick film, leaving behind a thick metal film that is also 
sintered to the matenal of the green-sheet. 

Shown in Figure 14 is a pan of a multilayered microfluidic device 430, in accordance 
with the present invention. Device 430 includes layers 432-444. A cavity 446 is formed in 
layers 436-442. Cavity 446 is connected to a firsr channel 448. formed in layer 436, and a 
second channel 450. formed in layer 438. A thick-film heterogeneous catalyst 452 is sintered to 
layer 444 within cavity 446. In device 430, cavity 446 serves as a reaction chamber. A reactant 
or reactants flows into cavity 446 from one or both of channels 448 and 450. The desired 
chemical reaction is induced by catalyst 452, and the reaction product flows out of cavity 446 
through one or both of channels 448 and 450. 

Some reactions may be facilitated by electrochemical catalysis. For such applications 
device 430 may be fabricated with an electrical lead (not shown) extending to catalyst 452 so as 
to apply a voltage to catalyst 452. The electrical lead (not shown) may comprise a series of 
screen-printed conductor traces and conductor-filled vias (not shown) in layers 432-444. 

Preferably, catalyst 452 is highly porous, so as to provide a high surface area for 
chemical reactions. Advantageously, the porosity of catalyst 452 can be controlled by adjusting 
the composition of the applied thick-film paste. In a typical thick- film paste, the inorganic phase 
is about 70-90 per cent by weight, and this results in a dense thick-film after sintering. However, 
a more porous thick-film can be achieved by reducing the inorganic phase to about 40-60 per 
cent by weight. 

Additional control over the porosity of catalyst 452 can be achieved by adding sub- 
micron polymer microspheres (preferably polystyrene or acrylic) to the thick-film paste. The 
material of the polymer microspheres should not be soiuble in the binder and is preferably either 
polystyrene or acrylic. When the thick-film paste is deposited, the polymer microspheres are 
dispersed through the thick-film to define the pores that will ultimately be present in the sintered 
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thick-film. Dunng the sintering process, the polymer microspheres decompose, leaving behind 
controlled sub-micron pores within the sintered thick-film. 

Causing biological changes in the fluid is also important in certain multilayered 
microfluidic devices of the present invention. One of the most important of these is the process 
of cell lysing. In this process, the walls of the cells' present in the subject fluid are ruptured to 
release the cell contents, most notably the DNA. The released DNA may then be amplified, by 
means such as PCR or LCR, to provide a large enough sample for analysis. Cell lysing may be 
accomplished in the multilayered microfluidic devices of the present invention by chemical 
means, thermal means, by the application of strong electric fields, or by the application of 
microwave energy. In the present invention, cell lysing is preferably accomplished by the 
application of either strong electric fields or microwave energy. The microwave approach is 
most preferred. 

Chemical cell lysing may be accomplished in a multilayered microfluidic device by 
holding the fluid containing the cells in a caviry, such as cavity 24 in device 10. shown in Figure 
1 . The chemicals needed for cell lysis may then be introduced into cavity 24 through channel 26. 
Chemicals used for cell lysing include enzymes that digest the cell walls and detergents, such as 
sodium dodecyl sulfate, sodium lauryl sulfate, sarcosine, and Triton X-100. 

Thermal cell lysing simply requires heating the fluid containing the fluid containing the 
cells to a sufficient temperature for a sufficient amount of time. For example, heating the cells at 
a temperature of 94° C for two minutes is typical. Device 700, shown in Figure 21, is suitable to 
accomplish thermal cell lysing in the multilayered microfluidic devices of the present invention. 
Fluid containing the cells is contained in cavity 720, and heater 722 applies the heat needed to 
maintain the temperature for the desired amount of time, as measured by thermal sensor 7 24. 

Applying strong electric fields to the fluid containing the cells may also be used for cell 

lysis. Preferably, the electric field is a DC field in the range of about 1 kV/cm to 10 kV/cm. 

Further information about using eiectnc fields for cell lysis is found in S.W. Lee. et al.. "A 
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Micro Cell Lysis Dev.ce." Proceedings of IEEE: MEMS 98. pp. 443-447 (1998). which is 
incorporated herein by reference. 

To use this approach in the present invention, the fluid containing the cells is contained in 
a cavhy to which the electric field is applied, preferably by means of parallel plates on opposite 
sides of the cavity. An example is device 570 showrrin Figure 18. The fluid containing the cells 
) may be placed in cavity 572, and the electric field may be applied by plates 574 and 576. 

The most preferred approach is to accomplish cell lysing by applying microwave energy. 
Shown in Figure 15 is a part of a multilayered microfluidic device 460 that can be used for 
microwave cell lysing. Device 460 includes a cavity 462 in which the fluid containing the cells 
is placed. A pair of spaced-apart parallel plate electrodes 464 and 466 is provided on opposite 
walls of cavity 462. Electrodes 464 and 466 are preferably formed by sintering a metal- 
containing thick-film paste to the green-sheet layers. Electrodes 464 and 466 are part of an 
electrical circuit 468 that delivers microwave energy to cavity 462. Electrical circuit includes a 
microwave source 470, such as a magnetron or an RF source with harmonic output, a flow- 
activated RF switch 472. an RF power amplifier 474, and a microwave load 476, such as a 
resistor. Circuit 468 may be made up of external components, but. more preferably, the 
components of circuit 468 are made integral to device 460. 

Fluid sensors are another class of important components in multilayered microfluidic 
devices. Fluid sensors allow the observation of various characteristics of the fluid, including 
without limitation its level, flow rate, temperature, pH, and optical characteristics. 

One such fluid, sensor is a capacitive sensor. Shown in Figure 16 is a pan of a 
multilayered microfluidic device 500, in accordance with the present invention. Device 500 is 
made up of layers 502 and 512 and includes a channel 516, formed in layer 506, through which 
fluid is intended to flow. Channel 516 is connected to a fluid inlet 518 and a fluid outlet 520. 
Inlet 518 and outlet 520 are each defined by stacked vias formed in layers 502 and 504. A pair 
of spaced-apart parallel capacitor plates 522 and 524 are disposed on the walls of channel 516. 
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; Plates 522 and 524 are preferably formed by screen printing a metai-containing paste on the 

corresponding surfaces of green-sheet layers 504 and 508. respectively. Plates 522 and 524 are 

then co- fired with green-sheet layers 502-512, after these layers have been stacked and laminated 

together, to sinter the metal in plates 522 and 524 to the material in green-sheet layers 504 and 

508. respectively. In this way, plates 522 and 524 become an integral part of device 500. 

10 Conductive leads 526 and 528 provide an electrically conductive pathway from plates 522 and 

524. respectively, to the upper surface of layer 502, i.e.. to the exterior of device 500, to allow 

for electrical connection to external components. Conductive leads are defined by a series of 

conductive traces on the surfaces of and conductor- filled vias in layers 502-510. 

Capacitor plates 522 and 524 define a capacitive sensor that is able to detect the presence 

15 or absence of fluid in channel 516 by sensing a change in capacitance. In particular, the 

dielectric constant of air is unity, whereas the dielectric constant of many fluids is much higher. 

For example, aqueous solutions have a dielectric constant in the region of 87. Accordingly, the 

introduction of fluid in channel 516 can be detected by an increase in capacitance between 

capacitor plates 522 and 524. Similarly, when all of the fluid is gone from channel 516, the 

20 capacitance will have decreased to its starting point. External components (not shown) 

electrically connected to leads 526 and 528 can be used to measure this capacitance. The 

external components (not shown) can also integrate the capacitance measurements over time so 

as to determine, in conjunction with the flow rate, the total amount of fluid that has flowed 

through channel 516. 

25 In the embodiment shown in Figure 16, the metal plates 522 and 524 of the capacitive 

sensor would be in direct contact with the fluid in the channel. However, this direct contact is 
often undesirable because certain fluids may react chemically with the metal. Additionally, the 
metal may not be compatible with many fluids containing biological materials. 

To obviate chemical reactivity and biocompatibility limitations, the metal plates of the 

30 capacitive sensor may be spaced away from the channel by one or more layers. This approach is 

33 

SUBSTITUTE SHEET (RULE 26) 



WO 00/2165'. nrm 

PC*. JS99723324 

shown in Figure 17. Multilayered microfluidic device 530 is similar to device 500. except that 
capacitor plates 534 and 536 are each spaced away from channel 532 by one layer. 

Capacitive sensors can also be used to measure fluid levels, such as in cavities that serve 
as wells of fluid. Shown in Figure 18. is a part of a multilayered microfluidic device 540 that is 
made up of layers 542-552. A well 554 is formed m layers 546 and 548. Capacitor plates 556 
and 558 are adjacent the opposite sides of the walls of well 554. Plates 556 and 558 may form 
part of the walls well 554, or they may be spaced away from the walls of well 554 so as not to be 
in direct contact with the fluid in well 554. Conductor leads 560 and 562 provide an electrical 
conduction path from plates 556 and 558, respectively, to the exterior of device 540, for 
connection to external components (not shown). Preferably, capacitor plates 556 and 558 each 
comprise conductor filled vias in layers 546 and 548 that are stacked together in registration. 
Preferably, the portion of each of capacitor plates 556 and 558 in each of the layers 546 and 548 
comprises a row of vias, connected together, running parallel to and substantially the length of 
the adjacent wall of well 554. In this way, capacitor plates 556 and 558 each has an area 
substantially the same as the area of the adjacent wall of well 554. As an alternative 
construction, an area larger than well 554 may be punched out from green-sheet layers 546 and 
548 and then filled with conductive paste. This conductor-filled area may then be punched out to 
define well 554 with conductive material remaining on opposite sides to define capacitor plates 
556 and 558. 

Well 554 is intended to contain fluid at a certain level. The level of the fluid in well 554 
can be sensed by measuring the capacitance between plates 556 and 558. The higher the 
measured capacitance, the higher the fluid level. 

An alternate design is shown in Figure 19. A multilayered microfluidic device 570 
includes a well 572, and capacitor plates 574 and 576 located adjacent the top and bottom of well 
572. respectively. Plates 574 and 576 may comprise part of the top and bottom walls of well 
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. 572, or they may be spaced away, such as by one or more layers, so as not to be in direct contact 
with the fluid in well 572. 

Many fluids, such as ionic solutions, are conductive, so that their presence or absence in 
channels and wells can be detected by resistive sensors. Such resistive sensors comprise a pair 
of conductors that extend into a channel or cavity so that conductive fluid can complete an 

io electrical circuit between them. 

Shown in Figure 20 is part of a multilayered microfluidic device 600 that is made up of 
layers of 602-612. A well 613 is formed in layers 606 and 608. Deposited on the surface of 
layer 610 are conductors 614 and 616, each of which forms part of the bottom wall of well 613 
so as to be in direct contact with any fluid in well 613. A series of stacked conductor-filled vias 

!5 in layers 602-606 define leads 618 and 620, connected to conductors 614 and 616, respectively. 
Leads 618 and 620 extend to the exterior of device 600 so as to allow electrical connection to 
external components (not shown) for measuring the resistance between conductors 614 and 616. 
When no fluid is present in well 613, a very high resistance, i.e., an "open circuit" resistance, 
will exist between conductors 614 and 616. However, when conductive fluid is present in the 

20 well, current is able to flow between conductors 614 and 616 to provide a resistance that is lower 
than this "open circuit'* resistance. In this way, conductors 614 and 616 comprise a resistive 
sensor able to sense the presence or absence of conductive fluid in well 613. 

Alternate configurations are also available for the resistive sensor. Shown in Figure 21 is 
a multilayered microfluidic device 630, having a well 632, in which conductors 634 and 636 

::* form pan of the walls of opposite sides of well 632. Conductors 634 and 636 may be formed by 
any of the methods described with respect to the fabrication of capacitor plates 556 and 558 in 
multilayered microfluidic device 540, provided that conductors 634 and 636 are able to directly 
contact fluid in well 632. 
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Another possible resistive sensor construction is shown in Figure 16. In particular, 

capacitor plates 522 and 524 can also be used as the two conductors of a resistive sensor to sense 
the presence of conductive fluid in channel 522. 

The presence or absence of fluid can also be detected by an inductive sensor. An 
inductive sensor is preferably in the form of a coil wound around a channel or cavity. For 
example, vertical coil 202. wound around cavity 204, as shown in Figures 6 and 6A, and 
horizontal coil 252, wound around channel 254, as shown in Figure 7 and 7A, can serve as 
inductive sensors. Inductive sensors sense fluid by sensing changes in inductance. Most fluids 
have a magnetic permeability that differs only very little from that of air. As a result, the 
presence of such fluids by themselves is difficult to detect using inductive sensors. However, 
high permeability materials may be added to the fluids to make them easier to detect. Such high 
permeability materials preferably take the form of magnetic microspheres. Such magnetic 
microspheres are typically not permanent magnets, but rather they are paramagnetic. The 
paramagnetic material is typically an iron oxide. Such magnetic microshperes typically have 
sizes in the range of 0.1 to 10 microns. The paramagnetic material in the microspheres is 
preferably coated with or well dispersed in a polymer to render the microspheres nonreactive and 
biocompatible. Examples of magnetic microspheres suitable for use in the multilayered 
microfluidi.e devices of the present invention include catalog codes MC03N and MC05N, sold by 
Bangs Laboratories, Inc. of Fishers, Indiana. 

The surfaces of magnetic microspheres can also be used to interact with components of 

the fluid. For example, magnetic microspheres can provide surfaces on which chemical 

reactions can take place. Additionally, the structure and composition of the surfaces of magnetic 

microspheres can be controlled so that specific chemical and biological substances will bind to 

them. For example. DNA molecules can be attached to magnetic microspheres. The size of 

magnetic microspheres used to provide chemical reaction surfaces or binding sites is typically in 

range of 0.2 to 3 microns. The structure and application of magnetic microspheres is further 
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5 described in Bob Sinclair, "To Bead or Not to Bead: Applications of Magnetic Bead 
Technology," The Scientist, vol. 12, no. 13 (June 22. 1998). which is incorporated herein by- 
reference. 

For inductive sensing, the magnetic microspheres are added to the fluid introduced into 
the multi layered microfluidic device to give the fluid a high magnetic permeability. In this way, 

i o the presence or absence of fluid can be detected as changes in inductance. For example, coil 202 
can be used to sense the fluid level in cavity 204. Specifically, with no fluid, and, thus, no 
magnetic microspheres present in cavity 204, the inductance of coil 202 will be relatively low. 
However, as the fluid level of cavity 204 rises, the number of magnetic microspheres in cavity 
204 also rises, thereby increasing the inductance of coil 202. Similarly, changes in the 

15 inductance of coil 252 can be used to sense the presence or absence of fluid flowing through 
channel 254. 

The multilayered microfluidic devices of the present invention may also include 
temperature sensors for measuring the temperature of the fluid. In many cases, the temperature 
sensor would be used in conjunction with a heater for control of the heating process. Shown in 
'20 Figure 22 is part of a multilayered microfluidic device 700, in accordance with the present 
invention. Device 700 is made up of layers 702-718. A cavity 720 is formed in layers 702-710. 
and a heater coil 722 is wound around cavity 720. One way of measuring the temperature of 
fluid in cavity 720 is by calculating the resistance of heater coil 722, based on the voltage and 
current applied to it. However, this method of fluid temperature measurement is likely to be 
25 inaccurate because of large differences between the temperature of heater coil 722 and the fluid. 

A separate temperature sensor 724 provides a much more accurate measurement of the 
fluid temperature. As shown in Figures 21 and 21 A. temperature sensor 724 is a trace of 
conductive material deposited on the upper surface of layer 712. Temperature sensor 724 
preferably defines a spiral. Preferably, temperature sensor 724 is formed by screen printing a 
30 metal containing paste on green-sheet layer 71 2 that is then sintered to the material of layer 7 : 2 
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when device 700 is fired. The conductive material of temperature sensor 724 should have 

resistance that varies with temperature that is well-characterized. Terminals 726 and 728, which 
are also preferably screen printed on and sintered to layer 712. are provided at the ends of 
temperature sensor n 24. Leads 730 and 732, which are defined by a series of conductor traces 
and conductor-filled vias in layers 702-716, electrically connect terminals to the exterior of 
device 700. In this way, external components (not shown) may be used to apply a current to 
temperature sensor 724 via leads 730 and 732. The temperature of the fluid in cavity 720 can 
then be determined from the resistance of temperature sensor 724. 

Temperature sensor 724 can be made even more accurate by using it in a four lead 
configuration, as shown in Figure 22 A. Accordingly, it is preferable to provide two additional 
leads, leads 734 and "36, that are electrically connected to temperature sensor 724 at junctions 
738 and 740. In this configuration, leads 730 and 732 apply a known current, while leads 734 
and 736 measure the voltage drop between junction 738 and 740. The resistance, and, thus, the 
temperature, may then be calculated from the applied current and the measured voltage. 

As shown in Figure 22, layer 712 defines the bottom of cavity 720. Temperature sensor 
712 would thus be in direct contact with any fluid in cavity 720. However, in applications where 
the material of temperature sensor 724 can react with, or is otherwise incompatible with, the 
fluid in cavity 720, temperature sensor 724 may also be spaced away from cavity 720 by one or 
more layers. For example, temperature sensor 724 could be located on the upper surface of layer 
7 1 4 instead of layer 7 1 2. 

As many chemical and biochemical reactions depend on the pH environment, pH sensors 

can also be important components in the multilayered microfluidic devices of the present 

invention. Using thick-film technology, pH sensors can be sintered into channels and wells to 

sense the pH of the fluid there. Shown in Figure 23 is pan of such a multilayered microfluidic 

device that is made up of green-sheet layers 802-814. A first fluid passageway 816 is defined by 

layers 802-806, a second fluid passageway 818 is defined by layer 808, and a cavity is defined 
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by layers 806-812. A thick-film pH sensor 822 is sintered to layer 814 and is located at the 
bottom of cavity 820. Thick-film pH sensor 822 comprises a layer of sensitive glass 824 on top 
of and sintered to a metal electrode 826. Both sensitive glass layer 824 and metal electrode 826 
are preferably applied using thick-film technology. The thick-film paste used to form sensitive 
glass layer 824 may be made by mixing sensitive powders, preferably having particle sizes in the 
range of 10 to 20 microns, in an organic binder. The sensitive powders are typically mixtures of 
Li 2 0, CaO, and/or Na 2 0, with SiOr Using this composition, pH sensor 822 may be integrated 
with green-sheet layer 814 by sintering at a temperature of approximately 950° C. Further 
information regarding such thick-film pH sensors is found in J.H. Liu, et al„ "Study of thick-film 
pH sensors." Sensors and Actuators B. (1993), p. 566-567, which is incorporated herein by 
reference. 

An electrical lead 828. preferably defined by a metal trace on layer 814 and metal-filled 
vias in layers 802-812, provides an electrically conductive pathway from electrode 826 to the 
outside of device 800. In this way, pH sensor 822 is sensitive to hydrogen ions present in the 
fluid contained in cavity 820 and, in combination with a reference electrode (not shown) external 
to device 800. pH sensor 822 may be used to measure the pH of the fluid in cavity 820. 

Alternatively, the reference needed for pH measurement can be provided by the 
multilayered microfluidic device itself. As shown in Figure 24, a multilayered microfluidic 
device 830, having a thick-film pH sensor 832 disposed in an internal cavity, 834 is provided 
with an external well 836 containing a reference solution. An external reference electrode 838 
may be placed in the reference solution in external well 836 for pH measurement in combination 
with pH sensor 832. 

Preferably, the reference electrode is integrated with the device. This approach is shown 
in Figure 25. A multilayered microfluidic device 840, made up of green-sheet layers 842-854, 
includes a measurement cavity 856. defined by layers 846-852, and a reference cavity 858. 

defined by layers 846-848. A thick-film pH sensor 860 is sintered to layer 854 so as to be 
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located at the bottom of measurement cavity 856. and a thick-film reference electrode 862 is 
sintered to layer 850. so as to be located at the bottom of reference cavity 858. Electrical leads 
864 and 866, connect pH sensor 860 and reference electrode 862. respectively, to the outside of 
device 840 to allow electrical connection to external components (not shownV A reference 
solution may be added to reference cavity 858 to provide a reference for the pH measurement of 
fluid in cavity 856 by pH sensor 862. In this way, the number of external components (not 
shown) needed for pH is minimized. 

Another important fluid sensing capability is the capability to sense the optical 
characteristics of the fluid in the channels and cavities of the device. In particular, the presence 
of certain chemical or biological substances in the fluid can be detected by observing the fluid's 
optical absorption at one or more wavelengths or by observing the extent to which the fluid emits 
light, such as through fluorescence, at one or more wavelengths. This approach can be used to 
monitor the progress of chemical reactions in the fluid. Such optical sensing requires materials, 
located between the channel or cavity containing the fluid, and the exterior of the device, that are 
optically transparent. As used herein, "optically transparent" and "optically transmissive** means 
being able to transmit visible and/or ultraviolet light. 

One way of providing optical transparency is by providing a layer of an optically 
transmissive material on top of multiple opaque layers of green-sheet. For example, shown in 
Figure 26 is pan of a multilayered microfluidic device 900 made up of an optically transmissive 
layer 901 on top of opaque layers 902-907. A channel 908 is formed in layer 903, and a cavity 
909 is formed in layers 902-904. Optically transmissive layer 901 can be made of glass, quartz, 
fused silica, a polymer, or any other material transparent in the desired range of wavelengths. 
Preferably, optically transmissive layer 901 is formed from a green-sheet, containing glass 
panicles, that has been co-fired with layers 902-907 and, thereby, sintered to opaque layer 902. 
Alternatively, optically transmissive layer 901 can be attached after layers 902-907 are fired, 
such as by means of an adhesive. Preferably, the adhesive is a UV-polymerizable adhesive, such 
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as Loctite 3492, sold by Loctue Corp., Hartford. Connecticut. However, other acrylic or 
urethane-based adhesives can be used. In the case where optically transmissive layer 901 is a 
polymer, it may also be attached by compression bonding or melt bonding. 

As shown in Figure 26, optically transmissive layer 901 provides optical access to cavity 
909. Chemical reactions occurring in cavity 909 may be monitored optically, such as to 
determine when the reaction begins or when the reaction ends. Alternatively, fluid may be fed 
into cavity 909 from channel 908 merely for optical measurement. 

The preferred optical sensing technique involves detecting the fluorescence of fluid in 
cavity 909. In this approach, source light at a first wavelength is applied to the fluid in cavity 
909. through optically transmissive layer 901. The presence of fluorescent light, i.e., light at a 
second wavelength, emitted from the fluid in cavity 909 through layer 901 is then monitored. 
Fluorescent tagging molecules can be added to the fluid to facilitate this technique. 

Alternatively, the intensity of the source light scattered from the fluid in cavity 909, 
through layer 901, may be measured so as to measure the absorptance or optical density of the 
fluid. 

Optical techniques can also be used to monitor different pans of the device 
simultaneously. Shown in Figure 27, is part of a multilayered microfluidic device 910 that 
includes an optically transmissive layer 912 overlaying a plurality of cavities 914-922 formed 
into an opaque layer 924. Optically transmissive layer 912 provides optical access to each of 
cavities 914-922. Advantageously, chemical reactions may be run in parallel in cavities 914-922 
and optically monitored simultaneously through optically transmissive layer 912. 

Optical access can also be provided by filling vias with optically transmissive materials. 
In particular, vias may be filled with a thick-film paste that is optically transmissive after firing, 
such as thick-film pastes that contain glass particles. The filled vias are then fired with the rest 
of the device to provide optical vias, i.e.. vias that do not allow the passage of fluid but are 
optically transmissive. 
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Alternatively, optical vias can be provided by filling the vias. such as by screen-printing, 
after the device :i fired. The screen-pnnted materials in this approach preferably include acrylic 
or acryiic-urethanc monomers that are then poiymcnzed either thermally or by exposure to ultra- 
violet light to fonr. optically transmissive polymers. 

Shown in Figure 28 is part of a multilayered-microfluidic device 930 made up of opaque 
layers 931-937. A channel 938 is formed in layer 934, and a cavity 939 is formed in layers 933- 
936. Vias 940 and 941, which are filled with an optically transmissive material, are formed into 
layers 931 and 932. respectively, so as to be aligned together. In this way, stacked vias 940 and 
941 provide optical access to fluid in cavity 939 from the top of device 930. A third via 942, 
filled with an optically transmissive material, may also be formed into layer 937 so as to provide 
optical access to fluid in cavity 939 from the bottom of device 930. Preferably, vias 940, 941. 
and 942 are all aiigned together. In this way, light can pass directly through vias 940. 941, and 
942, as well as any fluid in cavity 939, to allow for better measurement of the optical absorption 
of the fluid. 

Filled vias can also be combined with optically transmissive layers, as shown in Figure 
29. In multilayered microfluidic device 950, an opaque layer 951 separates an optically 
transmissive layer 952 from a channel 952. Vias 954-956 are formed in layer 951 and are filled 
with an optically transmissive material. This arrangement allows the fluid to be optically sensed 
at different points in channel 953, such as to monitor the flow of the fluid through channel 953. 

Horizontal optical access can also be provided in the multilayered microfluidic devices of 
the present invention.. This may be accomplished by screen printing a thick-film paste that 
becomes opticaiiy transmissive after firing onto the surface of one of the green-sheet layers 
before the layers are laminated and fired. Alternatively optical fibers may be laminated between 
the green-sheet iayers and then co-fired with the rest of the device. 

Shown in Figure 30 is pan of a multilayered microfluidic device 960 made up of opaque 
layers 961-967. :n which a cavity 968 is formed in layers 962-964. An optical fiber 969. 
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; laminated between and sintered to layers 962 and 963. extends from the outer surface of device 

960 to cavity. In this way. optical fiber 969 provides optical access to fluid in cavity 968. In the 

fabrication of device 960, it may be desirable to emboss channels into layers 962 and 963 before 

lamination in order to better accommodate optical fiber 969. 

Shown in Figure 31 is part of a multilayered microfluidic device 970 made up of opaque 

10 layers 971-977, in which a cavity 978 is formed in layers 972-974. Stacked vias 979 and 980, 
formed into layers 971 and 972. respectively, are filled with an optically transmissive material 
sintered to layers 971 and 972, such as may be provided by filling vias 979 and 980 with a thick- 
film paste containing glass particles. An optically transmissive trace 981 extends from filled via 
, 980 to cavity 978. In this way. filled vias 979 and 980 and optically transmissive trace 981 

15 provide optical access to fluid in cavity 978. Preferably, trace 981 is formed by depositing a 
thick-film paste, containing an optically transmissive material such as glass particles, onto the 
surface of green-sheet layer 973. 

The third broad category* of important components in the multilayered microfluidic 
devices of the present invention are components that control the motion of fluid or of 

20 components of the fluid. Included in this category are components that can serve as "pumps" by 
inducing fluid motion through channels. 

Such pumping of fluids can be accomplished using electroosmotic pumping, which is 
suitable for conductive fluids, and electrohydrodynamic pumping, which is suitable for non- 
conductive fluids. Electroosmonc pumping of conductive fluid through a channel requires the 

25 application of an electric field, typically in the range of 100 to 500 volts per centimeter, across 
the length of the channel. Electroosmotic pumping is described in more detail in Andreas Manz. 
et al., "Electroosmotic Pumping and Electropheretic Separations for Miniaturized Chemical 
Analysis Systems," Journal of Micromechanical Microengweering, vol. 4, pp. 257-265 (1994), 
which is incorporated herein by reference. 
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5 Shown in Figure 32. is pan of a multi layered microfluidic device 1000. in accordance 

with the present invention, for performing electroosmotic pumping. Device 1000 is made up of 
layers 1001-1006. A caviry 1007 is formed in layers 1001-1006 A first channel 1008 is formed 
in layer 1006. and a second channel 1009 is formed in layer 1007. A pair of electrodes 1010 and 
1011 are spaced along the length of channel 1008- Electrodes 1010 and 1011 are preferably 
10 defined by conductor-filled vias formed into-layer 1002. Conductor leads 1012 and 1013 extend 
from electrodes 1010 and 1011, respectively, to the exterior of device 1000 for electrical 
connection to external components (not shown). In this way, the voltage required for 
electroosmotic pumping can be applied to electrodes 1010 and 1011. When this voltage is 
applied, fluid may be pumped through channel 1008 into cavity 1007. 
15 Electrohydrodynamic pumping of relatively non-conductive fluids is preferably achieved 

by applying a traveling electric field along a fluid channel. For example, phase shifted voltage 
pulses may be applied sequentially to a series of electrodes spaced along the fluid channel. This 
approach is described in detail in G. Fuhr, "Pumping of Water Solutions in Microfabricated 
Eletrohydrodynamic Systems," Micro Electro Mechanical Systems '92 (Feb. 4-7, 1992), pp. 25- 
20 20, which is incorporated herein by reference. 

Figure 33 shows schematically how electrohydrodynamic pumping may be achieved in 
the multilayered microfluidic devices in accordance with the present invention. Shown in Figure 
33 is a first green-sheet layer 1014 (shown as partially cut away), in which a channel 1015 is 
formed, and a second green-sheet layer 1015. A series of electrodes 1017-1024 are provided on 
25 the upper surface of green-sheet layer 1016 straddling channel 1015. Preferably, electrodes 
1017-1024 are defined by conductive traces screen-printed and sintered into green-sheet layer 
1016. Electrodes 1017-1024 are preferably evenly spaced, and the width of each of electrodes 
1017-1024 are preferably substantially the same. To achieve electrohydrodynamic pumping, 
voltage pulses may be applied to each of electrodes 1017-1024 with a predetermined phase 
30 difference between each successive electrode. Thus, for example, the phase of the voltage pulses 
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apphcci to electrodes 1017 and 1021 may be the same, with the phase of the voltage pulses 
varying continuously between the intermediate electrodes, 1018-1020. Preferably, the voltage 
pulses have a peak voltage in the range of 100 to 300 volts, and a frequency in the range of 100 
kHz to 30 MHz. The spacing between electrodes is preferably about 200 microns. By applying 
voltage pulses in this way, fluid may be pumped through channel 1015. 

The motion of piezoelectric members that are integrated into the multilayered 
microfluidic devices of the present invention can also be used to pump fluids. Such piezoelectric 
members are preferably made out of a ceramic material, preferably a lead zirconate titanate 
(PZT) material. 

The PZT may be added to the green-sheet layers in one of several different ways. The 
PZT may be fired first and then added to a cavity provided in an unfired green-sheet layer. In 
this approach, the PZT may be secured in place by means of an adhesive, and electrodes may be 
provided for the piezoelectric member by applying a conductive epoxy. 

Preferably, the PZT is co-fired with and sintered to the green-sheet layers so as to 
become an integral pan of the device. For example, the PZT matenal can be cast as a ceramic 
green-sheet layer and then laminated and fired with the other green-sheet layers. Alternatively, 
the PZT material may be added to cavities in the unfired green-shee: layers as a thick-film paste. 
In either approach, electrodes may be provided on the piezoelectric members by screen printing 
metal-containing thick-film pastes onto them. In this way, the PZT material, electrodes, and 
green-sheet layers, may all be co-fired. After firing, the PZT is poled by applying an electric 
field, typically greater than 2000 V/mm, by means of the electrodes deposited on it. The 
electrodes used for poling the PZT may be either the same as or different from the electrodes 
used for poling it. 

PZT materials are a broad class of ceramic materials that can contain a wide variety of 
chemical components, but they ail contain lead as a major component zirconate titanate of the 
form Pb(Zri.J*i x )0 3 , where x can range from zero to one. Suitabie sintering temperatures for 
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this materia! are typically in the range of 1200° C to 1300° C. However, a lower simenn2 

temperature is required in order to co-fire this with many green-sheet materials. In particular. 

because the melting point of the preferred metallization material, silver, is only 961° C. the PZT 

materials used in the present invention preferably have a sintering temperature below this 

temperature. To lower the sintering temperature of PZT, various dopants may be added to it. 

10 For example, the sintering temperature of PZT may be lowered to 940° C by the addition of 2.0 
mol. % Zn : ", added as ZnO. and 3.0 mol. % Li 1 *, added as Li 2 CCk Further details about this 
approach are provided by Z. Gui. et ah, "Influence of Additives on Sintering Processing and 
Propenies of High Performance Piezoelectric Ceramics/* Solid State Phenomena, v. 25 & 26, pp. 
309-316 (1992), which is incorporated herein by reference. 

:5 More preferably, the sintering temperature of PZT may be lowered even further, to about 

900° C. as described in U.S. Patent No. 5,792,379, which is incorporated herein by reference. In 
this approach, the PZT composition is characterized by 94.0 to 99.4 per cent by weight lead 
zirconate titanate. 0.1 tol.O per cent by weight manganese dioxide, and 0.5 to 5.0 per cent by 
weight glass additive having the formula WB2O3 - xI^O? - yMeO - zCuO, wherein Me is 

20 selected from the group consisting of Ca. Sr. Ba, and Zn. Additionally, w + x + y + z= 1 , where 
w ranges from 0.01 to 0.15, x ranges from zero to 0.80, y ranges from zero to 0.60. and z ranges 
from zero to 0.55. 

Shown in Figure 34 is part of a multilayered microfluidic device 1030, in accordance 
with the present invention, that is provided with one type of piezoelectric pumping. Device 1030 

25 is made up of layers 1*032-1044, of which layers 1036 and 1038 are made out of a piezoelectric 
material and the other layers are formed from green-sheet containing non-piezoelectric materials. 
A channel 1046 is formed in layer 1038. An electrode 1048 is formed on the upper surface of 
piezoelectric layer 1036. and a series of electrodes 1050-1056 is formed on the lower surface of 
piezoelectric layer 1036. Similarly, an eiectrode 1062 is formed on the lower surface of 

30 piezoelectric layer 1040 and a series of electrodes 1060-1066 are formed on the upper surface 0:* 
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piezoeiec:nc layer 1040. Electrically conductive leads (not shown), integral to device 1030. 
connect electrodes 1 048- 1066 to the extenor of device 1030. so that external components (not 
shown) can apply voltages to the electrodes. Preferably, the voltages applied to electrodes 1050- 
1056 and to 1060-1066 are timed so as to set up a surface acoustic wave. In particular, the pans 
of the piezoelectric layers 1034 and 1040 in contact with electrodes 1050-1056 and 1060-1066, 
respectively, alternately contract and relax in a coordinated fashion so as to draw fluid through 
channel 1038. 

Shown in Figure 35 is a part of multilayered microfluidic device 1070, in accordance 
with the present invention, that is provided with another type of piezoelectric purnpinc. Device 
1070 is made up of layers 1072-1086. Of these layers, layers 1076 and 1082 are, in pan, made 
out of a piezoelectric matenal. thereby defining piezoelectric members 10"" and 1083. A cavity 
1088 is formed in layers 1074-1084. Connected to cavity 1088 are an inlet channel 1090, 
formed in layer 1076. and an outlet channel 1092, formed in layer 1082. Piezoelectric members 
1077 and 1083 can operate in two different ways to pump fluid from iniet channel 1076 into 
cavity 1088 and to pump fluid out of cavity 1088 through outlet channel 1092. In one mode of 
•operation, members 1077 and 1083 alternately bend (either in the piane of the paper or 
perpendicularly to the plane of the paper) and relax in a coordinated fashion to draw fluid in 
from channel 1090 and to push fluid out into channel 1082. In another mode of operation, 
members 1077 and 1083 alternately elongate and contract in a coordinated fashion to move the 
fluid. Piezoelectric members 1077 and 1083 are provided with electrodes (not shown) in the 
appropriate locations to perform these operations. 

Fluid pumps can also be based on the manipulation of magnetic beads. As noted above, 
magnetic microspheres can be added to the fluid in multilayered microfluidic devices, and 
certain chemical and biological substances can also be bound to the magnetic microspheres. 
Because the magnetic microspheres are paramagnetic, they preferably move to areas of magnetic 
flux density. Accordingly, electromagnets can be used to manipulate magnetic microspheres. 
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The manipulation of magnetic microspheres, in turn, allows control over the placement and 
movement of the substances bound to them. As the magnetic microspheres move. ;hey can aiso 
drag the surrounding fluid along them, thereby causing fluid flow. 

Shown in Figure 36 is part of a muitilayered microfluidic device 1200 in accordance with 
the present invention for electromagnetic manipulation of magnetic microspheres. Device 1200 

10 is made up of green-sheet layers 1202-1216 and includes a channel 1218 formed in layer 1204. 
A pair of electromagnets 1220 and 1222 are aligned generally perpendicularly to channel 1218 
so as to direct magnetic flux into channel 1218. Electromagnet 1220 is provided with a vertical 
coil 1224. defined by a series of conductive traces and conductor-filled vias in layers 1206-1216. 
Preferably, a core 1226 of high magnetic permeability material is placed within vertical coil 

15 1224. The structure of electromagnet 1222 is similar to that of electromagnet 1220 

Core 1226 is most conveniently defined by stacked vias in layers 1206-1214 that have 
been filled with the high permeability material. If the high permeability material of core 1226 is 
incompatible with the fluids that would flow through channel 1218, then core 1226 may be set 
back from channel 1218 by one or more layers. The high permeability material preferably 

:o includes a ferrite material, such as Fe^Ou. MnFeiCU, or CoFejOa. The ferrite may also be 
combined with glass frit. Suitable ferrite materials are SEI ferrite paste MPS #220. a thick-film 
paste containing ferrite materials, and SEI Green Tape, in which ferrite materials have been cast 
into a green-sheet, which are sold by Scrantom Engineering, Inc. of Costa Mesa, California. 
These commercially available materials may be sintered at a temperature in the range of 850- 

25 950° C so as to integrate core 1 226 with the rest of the device. 

By applying current to electromagnet 1220 and/or electromagnet 1222, magnetic 

microspheres present in the fluid in channel 1218 may be moved around or held in place, as may 

be desired. For example, with electromagnet 1222 off and electromagnet 1220 on, the magnetic 

microspheres will be drawn towards electromagnet 1220 and may be held in place there. 

}Q Electromagnet i222 may then be turned on and electromagnet 1220 turned off. thereby causing 
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5 the prev:ously-held magnetic microspheres to move toward electromagnet 1222. In this way. 
magnetic microspheres may be moved along channel 1218. Accordingly, chemical or biological 
substances may he moved along channel 1218 in this way by binding them to the magnetic 
microspheres. The motion of magnetic microspheres can also drag fluid along them. In this 
way, electromagnets 1220 and 1222 maybe used to pump fluid through channel 1218. For fluid 
io pumping, larger magnetic microspheres, i.e., those with sizes greater than about 5 microns, are 
preferred. 

Although Figure 36 shows only two electromagnets adjacent a channel, it is to be 
understood that a greater number of electromagnets may also be used to move microspheres 
through a channel. This motion is typically achieved by energizing the electromagnets 
15 sequentially, as described above. Electromagnets may also be used to move magnetic 
microspheres, and, thus, to pump fluid, into and out of cavities. 

.An alternate configuration is shown in Figure 37, which shows pan of a multilayered 
microfluidic device 1230 in accordance with the present invention. Device 1230 is made up of 
layers 1232-1240. with a channel 1242 formed in layer 1236. Wound about channel 1242 are 
20 first and second horizontal coils 1244 and 1246. Coil 1244 and 1246 are advantageously 
constructed out of a series of conductor traces and metal-filled vias in layers 1234-1240. 
Preferably, a material having a high magnetic permeability, such as a ferrite material, is 
incorporated into layers 1234 and 1238, which are adjacent to channel 1242. Coils 1244 and 
1246 may be energized sequentially to move magnetic microspheres through channel 1242. For 
25 example, when coil 1244 is on and coil 1246 is off, magnetic microspheres will be drawn to coil 
1244. Then, when coil 1244 is turned off and coil 1246 is turned on. the magnetic microspheres 
will move from coil 1244 to coil 1246. 

Electromagnets can also be used for mixing or stirring fluids, which are very important 
processes in microfluidic devices. For example, the mixing of reactants is useful for promoting 
30 their chemical reaction. Stirring fluids also helps to achieve temperature uniformity and thermal 
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equilibrium. When working with fluids containing magnetic microspheres, stimng :s useful to 
promote dispersement of the microspheres through the fluid. However, because of the small 
dimensions of channels and wells in typical microfluidic devices, most fluid flow is laminar. 
Because mixing of fluids occurs primarily by diffusion in the laminar regime, efficient mixine is 
difficult to achieve unless a turbulent flow is developed. 

Shown schematically in Figure 38 is part of a multilayered microfluidic device made up 
of layers 1302-1322. A cavity 1325 is formed in layers 1306-1312. Channels 1326 and 1328, 
connected to cavity 1325, are formed in layer 1308. Electromagnets 1330 and 1332 are formed 
in layers 1314-1322. Preferably, electromagnets 1330 and 1332 each include a vertical coil, 
defined by a series of conductive traces and metal-filled vias. wound around a femte core that 
has been sintered into the green-sheet layers. A magnetic stirring bar 1334, which interacts with 
electromagnets 1330 and 1332. is disposed in cavity 1325. Although only two electromagnets 
are shown in Figure 38, preferably at least four electromagnets are used to control stirring bar 
1334. Shown schematically in Figure 39 is a top view of layer 1314. Four electromagnets 1330- 
1333 are arranged symmetrically underneath cavity 1325. 

In this configuration, magnetic stirring bar 1334 may be rotated by "rotating" the current 
supplied to electromagnets 1330-1333. For example, increasing the current to electromagnets 
1330 and 1332, while decreasing the electric current to electromagnets 1331 and 1333. causes 
magnetic stirring bar 1334 to rotate, so as to align itself with electromagnets 1330 and 1332. 
Then, decreasing the current to electromagnets 1330 and 1332, while increasing the electric 
current to electromagnets 1331 and 1333, causes magnetic stimng bar 1334 to rotate so as to 
align itself with electromagnets 1331 and 1333. Causing magnetic stirring bar 1334 to rotate in 
this way creates turbulent flow in the fluid in cavity 1 325, thereby effecting good mixing. 

Magnetic stirring bar 1334 may be added to cavity 1325, before layers 1302 and 1304 are 
applied, using conventional "pick-and-place" manufacturing equipment. Additionally, magnetic 
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stirring bar 1334 should be larger than channels 1326 and 1328, so that after device 1300 has 
been fired, magnetic stirring bar 1334 will remain trapped within cavity 1325. 

Another important class of components for controlling the motion of the fluid comprise 
components that act as valves. Because of the very* small dimensions of typical channels in the 
multilayered microfluidic devices of the present invention, the interaction of the fluid with the 
walls of the channels becomes a very significant effect. Thus, valves may be conveniently 
provided as capillary stops in the fluid passageway. A capillary stop typically comprises a 
discontinuity or non-uniformity in the fluid passageway, which, because of the capillary action 
of the fluid, substantially blocks the flow of fluid at low pressures, but which allows the flow of 
fluid at higher pressures. 

One of .the simplest structures that can act as a capillary stop is a discontinuity 
comprising an abrupt and substantial change in channel size. This type of discontinuity is often 
termed a capillary break. Shown in Figure 40, is a layer 1500 in part of a multilayered 
microfluidic device, which layer includes a capillary break 1502. Specifically, capillary break 
1502 is the discontinuity where a narrow channel 1504 joins a wide channel 1506. For example, 
narrow channel 1504 may be 5 mils wide, and wide channel 1506 may be 15 mils wide. 

Capillary break 1502 functions in the following way. When fluid is introduced into wide 
channel 1506 at a low pressure, capillary action substantially prevents the fluid from flowing into 
narrow channel 1504. However, when the pressure applied to the fluid in wide channel 1506 
exceeds a threshold value, the capillary action of the fluid at capillary stop 1502 becomes 
insufficient to hold the fluid back, with the result that fluid then flows into narrow channel 1504. 

Capillary stops may also take the form of discontinuities in the surface energy of the 

walls of the fluid passageways. In particular, most of the glass, glass-ceramic, and ceramic 

materials commonly used in green-sheet layers are hydrophilic. However, hydrophobic 

materials may be applied to the surfaces of the fluid passageways to define hydrophobic regions 

within the fluid passageways. Such hydrophobic materials may include organo-silicor. 
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compounds and titanatc and silanc coupling agents. However, because such materials have a low 
decomposition temperature, they typically cannot be co-fired with the rest of the device. 

The preferred hydrophobic materials are certain hydrophobic glass-ceramic materials, as 
these may be co-fired with and sintered to the green-sheet layers to provide hydrophobic regions 
within the fluid passageways. The preferred hydrophobic glass-ceramic materials contain the 
humite mineral norbergite (Mg2Si04MgF 2 ) as a major crystal phase and are described in U.S. 
Patent No. 4.118.237, which is incorporated herein by reference. Thick-film pastes containing 
particles of these hydrophobic glass-ceramic materials may be added to fluid passageways by 
screen printing to define hydrophobic regions. 

Shown in Figure 41 is pan of a multilayered microfluidic device 1600 made up of layers 
1602-1612. A channel 1614 is formed in layer 1606, a fluid inlet 1616 comprises stacked vias 
formed into layers 1602 and 1604, and a fluid outlet 1618 also comprises stacked vias formed 
into layers 1602 and 1604. A hydrophobic region 1620 is disposed in channel 1614. 
Hydrophobic region 1620 is preferably formed by screen printing a thick-film paste containing a 
hydrophobic glass-ceramic material onto layer 1608 before lamination and then co-firing it, so 
that the hydrophobic material is sintered to layer 1608. 

Hydrophobic region 1620 acts as a capillary stop. When fluid is applied to channel 1614 
from fluid inlet 1616 at a low pressure, the fluid does not flow past hydrophobic region 1620 
because of the discontinuity in surface energy. However, if the pressure applied to the fluid 
exceeds a threshold value, then the fluid is able to flow past hydrophobic region 1620 and out 
fluid outlet 1618. 

By using a pair of opposing hydrophobic regions in a channel, an even better capillary 
stop capability may be provided. For example, shown in Figure 42 is part of a multilayered 
microfluidic device 1630 having a channel 1632, in which a pair of opposing hydrophobic 
regions 1634 and 1636 is disposed. Hydrophobic regions 1634 and 1636 are preferably formed 
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5 by screen printing a hydrophobic glass-ceramic containing thick-film paste onto layers 1638 and 
1640, which define the bottom and top walls of channel 1632, respectively. 

Hydrophobic regions may also be provided in vertical channels. Shown in Figure 43 is 
part of a multilayered microfiuidic device 1650 formed from layers 1652-1662. A vertical 
channel 1664 is formed in layers 1652-1656, and a -horizontal channel 1666 is formed in layer 
10 1658. A hydrophobic region 1668, comprising a hydrophobic material sintered to layer 1654, 
encircles part of vertical channel 1664 to provide a capillary stop. 

The method of forming hydrophobic region 1668 is shown schematically in Figure 44. 
Initially, an oversized via 1702 is formed in green-sheet layer 1654. Via 1702 is filled, such as 
by screen printing, with a thick-film paste 1704. Thick-film paste 1704 contains particles of a 
1 5 hydrophobic glass-ceramic material dispersed in a precursor binder. The precursor binder may 
be polymerized, either thermally, by the application of a temperature in the range of 60 to 75° C 
or by exposure to UV light. Preferably, the precursor binder contains acrylic co-monomers. The 
polymerization of the precursor binder solidifies the thick-film paste to provide a hydrophobic 
plug 1706 within green-sheet layer 1654. A via 1708 is then formed through hydrophobic plug 
20 1706. Layer 1654 is then laminated with the other layers and fired. As a result of firing, 
hydrophobic plug 1706 becomes hydrophobic region 1668 sintered to layer 1654. and via 1708 
defines pan of vertical channel 1664. 

It is to be understood that the several views of the multilayered microfiuidic devices of 
the present invention provided herein are intended to illustrate individually certain components 
25 that may be included in a working device. Accordingly, the multilayered microfiuidic devices of 
the present invention may include various combinations and arrangements of the basic 
components shown herein, depending on the particular applications of the device. 

Moreover, although various embodiments have been shown and described herein, it 
should be understood that various modifications and substitutions, as well as rearrangements and 
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combinations of the preceding embodiments, can be made by those skilled in the an, without 
departing from the novel spirit and scope of this invention. 
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WE CLAIM: 

1 . A multi layered microfluidic device comprising: 

a substantially monolithic structure formed from a plurality of green-sheet layers sintered 
together, said green-sheet layers including particles selected from the group consistme of 
ceramic particles, glass particles, and glass-ceramic panicles; 

said substantially monolithic structure having a fluid passageway defined therein, said 
fluid passageway having an inlet port for receiving fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and said outlet port; and 

said substantially monolithic structure having an electrically conductive pathway denned 
therein, said electrically conductive pathway including a thick-film portion formed by smtenng a 
thick-film paste to at least one of said green-sheet layers. 

2. The multilayered microfluidic device of claim 1, wherein said thick-film portion of 
said electrically conductive pathway includes a conductive trace sintered to one of said green- 
sheet layers, said conductive trace being formed by depositing said thick-film paste in a 
predetermined pattern onto a surface of said one of said green-sheet layers. 

3. The multilayered microfluidic device of claim 1, wherein said thick-film portion of 
said electrically conductive pathway includes a conductor-filled via sintered to one of said green- 
sheet layers, said conductor-filled via being formed by filling said thick-film paste into a via in 
said one of said green-sheet layers. 

4. The multilayered microfluidic device of claim I, wherein at least a portion of said 
electrically conductive pathway defines a heater for heating a portion of said fluid passageway. 
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5. The multilayered microfluidic device of claim 4. wherein said heater defines a coil 
wound around said portion of said fluid passageway. 



6. The multilayered microfluidic device of claim 1, wherein at least a portion of said 
electrically conductive pathway defines a thermoelectric element. 

7. The multilayered microfluidic device of claim 1, further comprising thermal isolation 
means for reducing heat exchange between said portion of said fluid passageway and another 
portion of said device. 



8. The multilayered microfluidic device of claim 7. wherein said thermal isolation means 
includes a cavity defined by said plurality of green-sheet layers. 

9. The multilayered microfluidic device of claim 1, further comprising means for 
providing a high thermal conductivity pathway to said portion of said fluid passageway. 

20 

1 0. The multilayered microfluidic device of claim 1. further comprising a heat exchanger 
for exchanging heat with said portion of said fluid passageway, said heat exchanger including a 
second fluid passageway defined by said plurality of green-sheet layers. 

25 1 1 . The multilayered microfluidic device of claim 1. further comprising a heterogeneous 

catalyst disposed in said fluid passageway. 

12. The multilayered microfluidic device of claim 11, wherein said heterogeneous 
catalyst is formed by sintenng a thick-film paste to at least one of said green-sheet layers. 

30 
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13. The multilayered microfluidic device of claim 1. wherein at least a portion of said 
electrically conductive pathway defines a capacitor. 

14. The multilayered microfluidic device of claim 13. wherein said capacitor includes a 
portion of said fluid passageway, whereby said- capacitor has a capacitance substantially 
dependent on the dielectric constant and volume of fluid in said portion of said fluid passageway. 

15. The multilayered microfluidic device of claim 1, wherein said electrically conductive 
pathway includes a first lead in contact with said fluid passageway at a first location and a 
second lead in contact with said fluid passageway at a second location, whereby the electrical 
resistance between said first lead and said second lead is substantially dependent on the 
conductivity and volume of fluid between said first location and said second location. 

16. The multilayered microfluidic device of claim 1, wherein at least a portion of said 
electrically conductive pathway defines an inductor. 

1 7. The multilayered microfluidic device of claim 16. wherein said inductor is adjacent 
to a portion of said fluid passageway, whereby said inductor has an inductance substantially 
dependent on the magnetic permeability and volume of fluid in said portion of said fluid 
passageway. 

18. The multilayered microfluidic device of claim 17. wherein said inductor defines a 
coil wound around said portion of said fluid passageway. 

19. The multilayered microfluidic device of claim 1, wherein at least a portion of said 

electrically conductive pathway defines a temperature sensor. 
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20. The multilayered microfiuidic device of claim 19, wherein said temperature sensor is 
adjacent to a portion of said fluid passageway. 

21. The multilayered microfiuidic device of claim 20, wherein said temperature sensor 
includes a material having a resistance substantially dependent on temperature, whereby said 
temperature sensor senses the temperature of fluid in said portion of said fluid passageway. 

22. The multilayered microfiuidic device of claim K further comprising a pH sensor 
disposed in said fluid passageway, said pH sensor being connected to said electrically conductive 
pathway. 

23. The multilayered microfiuidic device of claim 22, wherein said pH sensor includes 
an electrode layer sintered to one of said green-sheet layers and a glass layer sintered to said 
electrode layer. 

24. The multilayered microfiuidic device of claim 23, wherein said electrode layer is 
formed from a thick-film paste containing metal panicles and said gUss layer is formed from a 
thick-film paste containing glass particles. 

25. The multilayered microfiuidic device of claim 1, wherein said substantially 
monolithic structure includes an optically transmissive portion. 

26. The multilayered microfiuidic device of claim 25, wherein said optically 
transmissive portion provides external optical access to a portion of said fluid passageway. 
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5 2". The multi layered microfluidic device of claim 25, wherein said optically 

transmissive portion is formed from at least one of said plurality of green-sheet layers, said a: 
least one of said plurality of green-sheet layers including glass panicles. 

2$. The multilayered microfluidic device of claim 25, wherein said optically 
io transmissive portion includes a glass-filled via sintered into one of said green-sheet layers, said 
glass-filled via being formed by filling a via in said one of said green-sheet layers with a thick- 
film paste containing glass panicles. 

29. The multilayered microfluidic device of claim 25. wherein said optically 
i5 transmissive pomon includes a polymer-filled via, said polymer-filled via being formed by 

filling a via in one of said green-sheet layers with a material that polymerizes into an optically 
transmissive polymer. 

30. The multilayered microfluidic device of claim 25, wherein said optically 
20 transmissive ponion includes an optical fiber. 

31. The multilayered microfluidic device of claim 25, wherein said optically 
transmissive portion includes an optically transmissive trace sintered to a surface of one of said 
green-sheet layers, said optically transmissive trace being formed by depositing a thick-film 

25 paste containing glass particles onto said surface of said one of said green-sheet layers. 

32. The multilayered microfluidic device of claim I. further comprising means for 
pumping fluid through a ponion of said fluid passageway. 
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* 33. The multilayered microfluidic device of claim K wherein a ponion of said 

electrically conductive pathway defines an electroosmotic pump for pumping fluid through a 
ponion of said fluid passageway. 

34. The multilayered microfluidic device of claim 33, wherein said electroosmotic pump 
;o includes a first electrode in contact with said ponion of said fluid passageway at a first location 

and a second electrode in contact with said portion of said fluid passageway at a second location. 

35. The multilayered microfluidic device of claim 1, wherein a ponion of said 
electrically conductive pathway defines an electrohydrodynamic pump for pumping fluid 

.5 through a ponion of said fluid passageway. 



36. The multilayered microfluidic device of claim 35, wherein said electrohydrodynamic 
pump includes a plurality of substantially evenly spaced electrodes in contact with said ponion 
of said fluid passageway. 

37. The multilayered microfluidic device of claim 1, further comprising a piezoelectric 
pump for pumping fluid through a ponion of said fluid passageway, said piezoelectric pump 
including at least one piezoelectric member in contact with said fluid passageway. 

38. The multilayered microfluidic device of claim 37. wherein said piezoelectric pump 
includes a pair of piezoelectric members in contact with said fluid passageway, said pair of 
piezoelectric members having electrodes thereon for developing a cooperative motion for 
pumping fluid through said ponion of said fluid passageway. 
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3^. The muitilayered microfluidic device of claim 58. wherein said cooperative motion is 
a surface acoustic wave. 

40. The muitilayered microfluidic device of claim 3S. wherein said cooperative motion is 
a bending motion. 

41 . The muitilayered microfluidic device of claim 38. wherein said cooperative motion is 
a longitudinal motion. 

* 42. The muitilayered microfluidic device of claim 1, wherein a portion of said 
electrically conductive pathway defines an electromagne: for directing a magnetic field into a 
portion of said fluid passageway. 

43. The muitilayered microfluidic device of claim 42, wherein said electromagnet further 
comprises a core sintered into at least one of said green-sheet layers, said core being composed 
of a material having a high magnetic permeability. 

44. The muitilayered microfluidic device of claim 42, wherein said electromagnet 
defines a coil wound around said portion of said fluid passageway. 

45. The muitilayered microfluidic device of claim 44, wherein said coil is wound around 
a material having a high magnetic permeability, said ma:erial being sintered to at least one of 
said green-sheet layers. 
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46. The multilayered microfluidic device of claim 1. wherein said fluid passageway 
includes a capillary stop, whereby said capillary stop substantially blocks the flow of fluid at low 
pressures but allows the flow of fluid at high pressures. 



47. The multilayered microfluidic device of claim 46. wherein said capillary stop 
comprises an abrupt and substantial change in channel size. 

48. The multilayered microfluidic device of claim 46. wherein said capillary stop 
comprises a hydrophobic region within said fluid passageway. 

49. The multilayered microfluidic device of claim 48. wherein said hydrophobic region 
is formed by sintering a thick-film paste to at least one of said green-sheet layers. 

50. The multilayered microfluidic device of claim 49, wherein said thick-film paste 
contains particles of a hydrophobic glass-ceramic material. 

51. The multilayered microfluidic device of claim i. wherein said substantially 
monolithic structure includes a glass coating defining the walls of at least a portion of said fluid 
passageway. 

52. The multilayered microfluidic device of claim 51. wherein said glass coating is 
formed by sintering a. thick-film paste to at least one of said green-sheet layers, said thick-film 
paste containing glass panicles. 



53. The multilayered microfluidic device of claim 51, wherein at least one of said green- 
sheet layers includes glass-ceramic panicles, and wherein said glass coating is formed by 
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sinienng said ai least one green-sheet layer so that glass is driven from the interior of said at least 
one green-sheet layer to the surface of said at least one green-sheet layer. 

54. A multilayered microfluidic device comprising: 

a substantially monolithic structure formed from a plurality of green-sheet layers sintered 
together, said green-sheet layers including particles selected from the group consisting of 
ceramic panicles, glass panicles, and glass-ceramic panicles; 

said substantially monolithic structure having a fluid passageway defined therein, said 
fluid passageway having an inlet port for receiving fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and said outlet port; and 

a fluid sensor for sensing fluid in a portion of said fluid passageway, said fluid sensor 
being sintered to at least one of said plurality of green-sheet layers so as to be integral with said 
substantially monolithic structure. 

55. The multilayered microfluidic device of claim 54, wherein said fluid sensor includes 
a capacitive sensor. 

56. The multilayered microfluidic device of claim 55, wherein said capacitive sensor 
includes a first conductive plate on a first side of said portion of said fluid passageway and a 
second conductive plate on a second side of said portion of said fluid passageway, said first 
conductive plate being substantially parallel to said first conductive plate, whereby said 
capacitive sensor has a capacitance substantially dependent on the dielectric constant and volume 
of fluid in said portion of said fluid passageway. 

57. The multilayered microfluidic device of claim 54, wherein said fluid sensor includes 
a resistive sensor. 
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58. The multilaycred microfluidic device of claim 57. wherein said resistive sensor 
includes a first lead in contact with said portion of said fluid passageway at a first location and a 
second lead in contact with said portion of fluid passageway at a second location, whereby said 
resistive sensor has a electrical resistance between first lead and said second lead, said resistance 
being substantially dependent on the conductivity and volume of fluid between said first location 
and said second location. 

59. The multilayered microfluidic device of claim 54, wherein said fluid sensor includes 
an inductive sensor. 

60. The multilayered microfluidic device of claim 59, wherein said inductive sensor 
includes a coil adjacent to said portion of said fluid passageway, whereby said inductive sensor 
has an inductance substantially dependent on the magnetic permeability and volume of fluid in 
said portion of said fluid passageway. 

61. The multilayered microfluidic device of claim 59, wherein said inductive sensor 
includes a coil wound around said portion of said fluid passageway. 

62. The multilayered microfluidic device of claim 54, wherein said fluid sensor includes 
a temperature sensor. ■ 

63. The multilayered microfluidic device of claim 62, wherein said temperature sensor 
includes a material having a resistance substantially dependent on temperature, whereby said 
temperature sensor senses the temperature of fluid in said portion of said fluid passageway. 
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64 The multilayered microfluidic device of claim 54, wherein said fluid sensor includes 
a pH sensor disposed in said portion of said fluid passageway. 

65. The multilayered microfluidic device of claim 64. wherein said pH sensor includes 
an electrode layer sintered to one of said green-sheet layers and a glass layer sintered to said 
electrode layer. 

66. The multilayered microfluidic device of claim 65, wherein said electrode layer is 
formed from a thick-film paste containing metal panicles and said glass layer is formed from a 
thick-film paste containing glass particles. 

67. A multilayered microfluidic device comprising: 

a substantially monolithic structure formed from a plurality of green-sheet layers sintered 
together, said green-sheet layers including particles selected from the group consisting of 
ceramic particles, glass particles, and glass-ceramic particles; 

said substantially monolithic structure having a fluid passageway defined therein, said 
fluid passageway having an inlet port for receiving fluid, an outlet port for releasing fluid, and an 
interconnection berween said inlet port and said outlet port; and 

a fluid motion transducer for converting electrical energy into fluid motion in a portion of 
said fluid passageway, said fluid motion transducer being sintered to at least one of said plurality 
of green-sheet layers so as to be integral with said substantially monolithic structure. 

68. The multilayered microfluidic device of claim 67, wherein said fluid motion 
transducer includes an electromagnet for directing a magnetic field into said portion of said fluid 
passageway. 
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69. The multilayered microfluidic device of claim 68, wherein said electromagnet 
includes a core composed of a material having a high magnetic permeability. 



70. The multilayered microfluidic device of claim 68, wherein said eiectromaenet 
defines a coil wound around said ponion of said fluid passageway. 

71. The multilayered microfluidic device of claim 67, wherein said fluid motion 
transducer includes an electroosmotic pump. 

72. The multilayered microfluidic device of claim 71. wherein said electroosmotic pump 
includes a first electrode in contact with said ponion of said fluid passageway at a first location 
and a second electrode in contact with said portion of said fluid passageway at a second location. 

73. The multilayered microfluidic device of claim 67, wherein said fluid motion 
transducer includes an electrohydrodynamic pump. 

74. The multilayered microfluidic device of claim 73. wherein said electrohydrodynamic 
pump includes a plurality of substantially evenly spaced electrodes in contact with said portion 
of said fluid passageway 

75. The multilayered microfluidic device of claim 67, wherein said fluid motion 
transducer includes a piezoelectric member in contact with said fluid passageway. 

76. The multilayered microfluidic device of claim 75, wherein said fluid motion 
transducer includes a pair of piezoelectric members in contact with said fluid passageway, said 
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> pair of piezoelectric members having electrodes thereon for developing a cooperative motion for 

pumping fluid through said portion of said fluid passageway. 

77. The multilayered microfluidic device of claim 76, wherein said cooperative motion is 
a surface acoustic wave. 



10 



78. The multilayered microfluidic device of claim 76, wherein said cooperative motion is 



a bending motion. 



79. The multilayered microfluidic device of claim 76. wherein said cooperative motion is 
15 a longitudinal motion. 

80. A multilayered microfluidic device comprising: 

a substantially monolithic structure formed from a plurality of green-sheet layers sintered 
together, said green-sheet layers including panicles selected from the group consisting of 
20 ceramic panicles, glass particles, and glass-ceramic panicles; 

said substantially monolithic structure having a fluid passageway defined therein, said 
fluid passageway having an inlet port for receiving fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and said outlet port; and 

said substantially monolithic structure having an optically transmissive portion providing 
25 external optical access to a portion of said fluid passageway. 

81. The multilayered microfluidic device of claim 80, wherein said optically 
transmissive ponion is formed from at least one of said plurality of green-sheet layers, said at 
least one of said plurality of green-sheet layers including glass panicles. 

30 

6" 



SUBSTITUTE SHEET (RULE 26) 



wo oonu 

82. The multilaycred microfluidic 
transmissive portion includes an glass-filled via 
glass-filled via being formed by filling a via in 
film paste containing glass particles. 
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device of claim 80, wherein said optically 
sintered into one of said green-sheet layers, said 
said one of said green-sheet layers with a thick- 



10 83. The multilayered microfluidic device of claim 80, wherein said optically 

transmissive portion includes a polymer-filled via, said polymer-filled via being formed by 
filling a via in one of said green-sheet layers with a material that polymerizes into an optically 
transmissive polymer. 

84. The multilayered microfluidic device of claim 80, wherein said optically 
1 5 *ransmissive portion includes an optical fiber. 



85. The multilayered microfluidic device of claim 80, wherein said optically 
transmissive portion includes an optically transmissive trace sintered to a surface of one of said 
green-sheet layers, said optically transmissive trace being formed by depositing a thick-film 
20 paste containing glass panicles onto said surface of said one of said green-sheet layers. 



86. A multilayered microfluidic device comprising: 

. a substantially monolithic structure formed from a plurality of green-sheet layers sintered 

together, said green-sheet layers including particles selected from the group consisting of 

25 ceramic particles, glass particles, and glass-ceramic particles; 

said substantially monolithic structure having a fluid passageway defined therein, said 

fluid passageway having an inlet port for receiving fluid, an outlet port for releasing fluid, and an 

interconnection between said inlet port and said outlet port, said fluid passageway including a 

cavity for holding cells; and 

30 said substantially monolithic structure including means for lysing cells in said cavity. 
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87. The multilayered rmcrofluidic device of claim 86. wherein said means for lysine 
cells includes a channel for introducing lysing chemicals into said cavity, said lysing chemicals 
being able to lyse cells in said cavity chemically. 

88. The multilayered rmcrofluidic device ot claim 86, wherein said means for lysine 
cells includes means for heating said cavity to a predetermined temperature for a predetermined 
time, said a predetermined temperature and predetermined time being sufficient to lyse cells in 
said cavity. 

89. The multilayered microfluidic device of claim 86, wherein said means for lysine 
cells includes a pair of opposing electrodes for applying an electnc field to said cavity, said 
electric field being sufficient to lyse cells in said cavity. 

90. The multilayered microfluidic device of claim 86, wherein said means for lysing 
cells includes a pair of opposing electrodes for applying microwave energy to said cavity, said 
microwave energy being sufficient to lyse cells in said cavity. 

91. A method for making a multilayered microfluidic device, said method comprising 
the steps of: 

texturing a plurality of green-sheet layers in a first predetermined pattern, said green- 
sheet layers including panicles selected from the group consisting of ceramic panicles, glass 
panicles, and glass-ceramic panicles, said first predetermined pattern defining a fluid 
passageway; 

applying a thick-film paste to said green-sheet layers in a second predetermined pattern, 
said second predetermined pattern defining a fluid-interacting component; and 
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sintering said green-sheet layers together at a predetermined temperature for a 

predetermined amount of time to form a substantially monolithic structure, said substantially 
monolithic structure having said fluid passageway and said fluid-interacting component defined 
therein. 



92. The method of claim 91. wherein said fluid-interacting component includes a heater. 

93. The method of claim 91, wherein said fluid-interacting component includes a 
thermoelectric element. 



94. The method of claim 91. wherein said fluid-interacting component includes a 
heterogeneous catalyst disposed in said fluid passageway. 

95. The method of claim 91, wherein said fluid-interacting component includes a 
capacitive sensor for sensing fluid in said fluid passageway. 

96. The method of claim 91, wherein said fluid-interacting component includes a 
resistive sensor for sensing fluid in said fluid passageway. 

97. The method of claim 91, wherein said fluid-interacting component includes an 
inductive sensor for sensing fluid in said fluid passageway. 

98. The method of claim 91, wherein said fluid-interacting component includes a 
temperature sensor. 

99. The method of claim 91, wherein said fluid-interacting component includes a pH 
sensor disposed in said fluid passageway. 
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100. The method of claim 91, wherein said fluid-interacting component includes an 
electroosmotic pump. 

101. The method of claim 91. wherein said fluid-interacting component includes an 
electrohydrodynamic pump. 

102. The method of claim 91, wherein said fluid-interacting component includes a 
piezoelectric member. 

103. The method of claim 91, wherein said fluid-interacting component includes an 
electromagnet. 

104. The method of claim 91, wherein said thick- film paste includes particles of a metal. 

105. The method of claim 91, wherein said thick-film paste includes particles of a 
thermoelectric material. 

106. The method of claim 91, wherein said thick-film paste includes particles of a ferrite 
material. 

107. The method of claim 91, wherein said thick- film paste includes panicles of a 
piezoelectric material. 

108. The method of claim 107, wherein said piezoelectric material is a lead zirconate 
titanate material. 
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!09. The method of claim 9L wherein at least one of said green-sheet layers includes 

glass-ceramic particles, and wherein said sintering step includes the step of sintering said at least 

one green-sheet layer so that glass is driven from the interior of said at least one green-sheet 

layer to the surface to form a glass coating on said at least one green-sheet layer. 

110. A multilayered microfluidic device comprising: 

a substantially monolithic structure formed from a plurality of green-sheet layers sintered 
together, said green-sheet layers including panicles selected from the group consisting of 
ceramic particles, glass particles, and glass-ceramic particles; 

said substantially monolithic structure having a fluid passageway defined therein, said 
fluid passageway having an inlet port for receiving fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and said outlet port; and 

a first hydrophobic region disposed within said fluid passageway, said first hydrophobic 
region being sintered to a first one of said green-sheet layers. 

111. The multilayered microfluidic device of claim 1 10, wherein said first hydrophobic 
region is formed by sintering a thick-film paste to said first one of said green-sheet layers. 

112. The multilayered microfluidic device of claim 111, wherein said thick-film paste 
includes particles of a hydrophobic glass-ceramic material. 

113. The multilayered microfluidic device of claim 112, wherein said hydrophobic glass- 
ceramic material includes Mg;SiOi*MgF 2 as a major crystal phase. 

114. The multilayered microfluidic device of claim 110, further comprising a second 

hydrophobic region disposed within said fluid passageway in opposed relation to said first 
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hydrophobic region, said second hydrophobic region being sintered to a second one of said 
green-sheet layers. 



115. The multilayered microfluidic device of claim 111, wherein said thick-film paste is 
sintered into a via formed in said first one of said green-sheet layers. 

116. A method for fabricating a multilayered structure from a plurality of green-sheet 
layers, said plurality of green-sheet layers including at least a first layer and a second layer, said 
plurality of green-sheet layers having a polymer binder, the method comprising the steps of: 

applying an adhesive to a first surface of said first layer, said adhesive including an 
adhesive polymer different from said polymer binder, said adhesive polymer decomposing at a 
higher temperature than said polymer binder, 

stacking said plurality of green-sheet layers to form a multilayered green-sheet structure, 
said adhesive interposing said first surface of said first layer and a second surface of said second 
layer, and 

firing said multilayered green-sheet structure for a predetermined period of time to 
achieve a predetermined sintering temperature, thereby forming said multilayered structure. 

1 17. The method of claim 1 16, wherein said adhesive polymer has a temperature of half 
decomposition that is higher than the temperature of half decomposition of said polymer binder. 

118. The method of claim 117, wherein said adhesive polymer has a temperature of half 
decomposition that is 25 to 100° C higher than the temperature of half decomposition of said 
polymer binder. 
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1 19. The method of claim 116. wherein said adhesive polymer has a temperature of 
maximum rate of decomposition that is higher than the temperature of maximum rate of 
decomposition of said polymer binder. 



120. The method of claim 119, wherein said adhesive polymer has a temperature of 
maximum rate of decomposition that is that is 25 to 100° C higher than the temperature of 
maximum rate of decomposition of said polymer binder. 

121. The method of claim 116, wherein said polymer binder undergoes thermal 
decomposition predominantly by unzipping and said adhesive polymer undergoes thermal 
decomposition predominantly by random scission. 



122. The method of claim 116, wherein said adhesive polymer includes a polymer that 
has an ethylene main-chain group. 

123. The method of claim 116, wherein said adhesive polymer includes a polymer 
selected from the group consisting of vinyl acetate-ethylene and ethylene-vinyl acrylic 
copolymer. 

124. The method of claim 1 16, wherein said polymer binder includes a poiymer selected 
from the group consisting of acrylic polymers and acrylic copolymers. 
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ANNEX B 



microfluidic device 200 that has a vertical coil 202 wound around a cavity 204. Device 200 is 
made up of layers 206-210. With reference to Figure 6, and to Figure 6A, which shows a 
perspective view of coil 202 in isolation, coil 202 comprises six horizontal windings 21S-22S. 
which arc traces of conductive material deposited on layers 206-216, respectively, that are joined 
together by five conductor- filled vias 230-238 in layers 208-216, respectively. 

Shown in Figure 7 is part of a multilayered microfluidic device 250 that has a horizontal 
coil 252 wound around a channel 254. Device 250 is made up of layers 256-264. With reference 
to Figure7, and to Figure 7 A, which shows a perspective view of coil 252 in isolation, coil 252 
includes six vertical elements 268-27S. each of which comprises stacked conductor-filled vias 
formed in layers 258-262. Vertical elements 268-278 are interconnected by three lower 
horizontal elements 280-2S4 and three upper horizontal elements 286-290, arranged in an 
angular offset from lower elements 2OO-270. Lower elements 280-284 are traces of conductive 
material deposited on layer 256, and upper elements 286-290 are traces of conductive material 
deposited on layer 262. Electrical current is directed to coil 252 by means of a lead 292, 
connected to vertical element 268. and a lead 294. connected to horizontal element 290. Leads 
292 and 294 are traces of conductive material deposited on layer 262. 

Whether the heater is planar, as heater 102. in the form of a coil, as in coil 202 and 252. 
for the element to operate efficient as a heater, it should have a much higher resistance than that 
of the electrical conduction pathway that leads to it. The conductors that make up the heater are 
preferably about 5 to 8 mils (0.127 to <».2032 millimeters) in diameter, while the conductors that 
lead to the heater are preferably about 2»> to 30 mils (0.508 to 0.762 millimeters) wide. 

More flexible control of fluid temperature is achieved by using additional components. 
For example, shown in Figure 8 is a part of a multilayered microfluidic dev ice 300 in accordance 
with the present invention that includes a vertical heater coil 302 wound about a cavity 304. as 
well as a thermoelectric cooling element 306. Thermoelectric cooling element 306 includes a 



■stirring-bar 1334 should be larger than channels 1326 and 1328, so that after device. 1300 has 
been fired, magnetic stirring bar 1334 \\ ill remain trapped within cavity 1 325. 

Another important class of components for controlling the motion of the iluid comprise 
components that act as valves. Because of the very small dimensions of typical channels in the 
multilaycrcd microfluidic devices of the present invention, the interaction of the fluid with the 
walls of the channels becomes a very significant effect. Thus, valves may be conveniently 
provided as capillary stops in the fluid passageway. A capillary stop typically comprises a 
discontinuity or non-uniformity in the fluid passageway, which, because of the capillary action 
of the fluid, substantially blocks the flow of fluid at low pressures, but which allows the flow of 
fluid at higher pressures. One of the simplest structures that can act as a capillary stop is a 
discontinuity comprising an abrupt and substantial change in channel size. This type of 
discontinuity is often termed a capillar) break. Shown in Figure 40, is a layer 1500 in part of a 
multilayered microfluidic device, which layer includes a capillary break 1502, Specifically, 
capillary break 1502 is the discontinuity where a narrow channel 1504 joins a wide channel 
1506. For example, narrow channel 1504 may be 5 mils (0.127 millimeters) w ide, and wide 
channel 1506 may be 15 mils (0.3S1 millimeters) wide. 

Capillar, break 1502 functions in the follow ing way. When fluid is introduced into wide 
channel 1506 at a low pressure, capillar} action substantially prevents the fluid from flowing into 
narrow channel 1504. However, when the pressure applied to the fluid in wide channel 1506 
exceeds a threshold value, the capillary action of the fluid at capillar) stop 1502 becomes 
insufficient to hold the fluid back, with Hie result that fluid then flows into narrow channel 1 504. 

Capillary stops may also take the form of discontinuities in the surface energy of the 
walls of the fluid passageways. In particular, most of the glass, glass-ceramic, and ceramic 
materials commonly used in green-sheet layers are hydrophilic. However, hydrophobic 
materials may be applied to the surface? of the fluid passageways to define hydrophobic regions 
within ^the fluid passageways. Such, hydrophobic materials may include organo-silicon 



\VR CLAIM: 

1 . A multiiayered microfluidic device comprising: 

a substantially monolithic structure formed from a plurality of green-sheet layers sintered 
together, said green-sheet layers including particles selected from the group consisting of 
ceramic particles, glass particles, and glass-ceramic particles; 

said substantially monolithic structure having a fluid passageway defined therein, said 
fluid passageway having an inlet port for receiving fluid, an outlet port for releasing fluid, and an 
interconnection between said inlet port and said outlet port; and 

said substantially monolithic structure having an electrically conductive pathway defined 
therein, said electrically conductive pathway including a thick-film portion formed by sintering a 
thick-film paste to at least one of said green-sheet layers, wherein at least part of said thick-film 
portion extends through said at least one of said green-sheet layers. 

2. The multiiayered microfluidic device of claim 1. wherein said thick-film portion of 
said electrically conductive pathway includes a conductive trace sintered to one of said green- 
sheet layers, said conductive trace being formed by depositing said thick-film paste in a 
predetermined pattern onto a surface of >aid one of said green-sheet layers. 

3. The multiiayered microfluidic device of claim 1, wherein said thick-film portion of 
said electrically conductive pathway includes a conductor-filled via sintered to one of said green- 
sheet layers, said conductor-filled via being formed by filling said thick-film paste into a via in 
said one of said green-sheet layers. 

4. The multiiayered microfluidic device of claim I, wherein at least a portion of said 
electrically conductive pathway defines a heater for heating a portion of said fluid passageway. 



J 

5 IV). The method of claim l id. wherein said adhesive polymer has a temperature o: 

maximum rate of decomposition that is higher than the temperature of maximum rate or 
decomposition of said polymer binder. 

120. The method of claim I 1 { K wherein said adhesive polvmcr has a temperature of 
10 maximum rate of decomposition that is. 25 to 100° C higher than the temperature of maximum 

rate of decomposition of said polymer binder. 

121. The method of claim 116, wherein said polymer binder undergoes thermal 
decomposition predominantly by unzipping and said adhesive polymer undergoes thermal 

15 decomposition predominantly by random scission. 

122. The method of claim 1 10. wherein said adhesive polymer includes a polvmer thai 
has an ethylene main-chain group. 

20 The method of claim 1 lo, wherein said adhesive polymer includes a polvmer 

selected from the group consisting of vinyl acetate-ethylene and ethyiene-vinyl acrvlic 
copolymer. 

124. The method of claim 1 16. wherein said polymer binder includes a polymer selected 
25 from the group consisting of acrylic polymers and acrylic copolymers. 
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